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ABSTRACT

Striga asiatica (Scrophulariaceae), an obligate parasite of
grasses including many of the world’s major grain crops, switches
from vegetative to parasitic development by the differentiation of
the root meristem into the host attachment organ, the haustorium.
This change was induced in culture by the exposure to a single,
low molecular weight signal molecule, 2,6-dimethoxy-p-benzo-
quinone. A concentration of 10~® molar quinone and an exposure
time of =6 hours were required before the developmental process
could be completed. With shorter exposure times, haustorial
development was prematurely aborted and meristematic elon-
gation was reestablished. The new meristem was capable of
developing a second haustorium if reexposed to the signal mol-
ecule. These results are discussed in terms of the transition to
the parasitic phase and the general control of plant cellular
development.

The initial gene expression events involved in the induction
of both parasitic (7, 24) and symbiotic (14, 19, 20) relation-
ships have been shown to be controlled in many cases by
specific, structurally simple, signal molecules. These com-
pounds must convey critical information required for host
selection since, in most cases, the shift from a vegetative to a
parasitic mode is both sudden and dramatic, requiring a
significant recommitment of resources. The magnitude of this
change is particularly striking in the parasitic angiosperms
that are strictly dependent on the host for continued survival
(15). In general, these plant holoparasites are dormant as seeds
and apparently break dormancy only when exposed to a
specific host-derived signal (10, 13). The change from the
vegetative to a parasitic mode involved formation of a primary
haustorium, an organ specialized for host plant attachment.

Several theories have been proposed for the mechanism of
haustorial induction in parasitic plants, each generally involv-
ing haustorial inducing signals (2, 3, 8, 9, 12, 17, 26). In
Striga asiatica, a simple quinone, 2,6-DMBQ,’ is sufficient
for quantitative induction of haustorial development in young
seedlings (8, 9). Evidence has been presented consistent with
the theory that a parasite-derived enzyme oxidatively releases
2,6-DMBQ from a host root surface (8, 9). Such a mechanism
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suggests an active screening process on the part of the parasite
and ensures intimate host-parasite association before the in-
duction of haustoria.

During primary haustorial induction, cellular expansion at
the root meristem is redirected from longitudinal to radial
dimensions followed closely by the formation of specialized
haustorial hairs just distal to the swollen tip. The process is
one of the most rapid differentiation processes known. 4Agal-
inis purpurea (Scrophulariaceae) has been shown to attach
within 24 h following induction (22), and Striga attachment
occurs at least as rapidly (8). Therefore, haustorial develop-
ment is dependent to a large extent on cellular resources
already present in the meristem. Nevertheless, the cost of this
meristematic recommitment cannot be minimized. The re-
direction of meristematic growth results in a cessation of
elongation. Therefore, host contact must be established for
successful attachment (8, 9), and premature commitment to
haustorial formation would certainly restrict the possibility of
such contact. The importance of this differentiation event to
Striga and its implications to plant cellular development in
general have motivated our attempts to better define the
control points involved in haustorial formation in Striga.

MATERIALS AND METHODS
Reagents

2,6-DMBQ was synthesized by the method of Bolker and
Kung (6). Twice-distilled water and appropriate glassware
were sterilized in a Market Forge Sterilmatic autoclave at 15
1b/in? and 121°C for 25 min. This water was used in all
experiments with Striga.

Plant Material

Sorghum bicolor (L.) Moench seeds were grown aseptically
on moist filter paper in the dark at 27°C for 7 d. The roots of
intact plants were dipped in 100 mL of 0.5% CH;COOH in
CH,CI, for 2 s. The extract was evaporated in vacuo to give
the biologically active germination stimulant (13).

Striga asiatica seeds were obtained from Dr. R. E. Eplee,
USDA VWitchweed Methods Development Laboratory,
Whiteville, NC, and handled under quarantine. Pretreatment
involved sandwiching two scoopulas of seeds between two 25-
mm membrane filters, 10 um pore size, in a Swin-Lock filter
chamber and washing with 5 mL of 0.16% sodium hypochlo-
rite containing 2% Tween 20 for 5 min followed by three
washings with 5 mL of sterile water. The seeds were then
transferred to a sterile Erlenmeyer flask, covered with steri-
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lized water, the flasks capped with cotton gauze cap, and kept
at ~27°C for 2 to 3 weeks.

Striga seeds were germinated by placing 100 pretreated
seeds in each of 24 wells of a microtitre plate. Ten ug of the
germination stimulant was dissolved in 1 mL of twice-distilled
water overnight at 5°C. This solution was then placed over
the seeds. After 24 h, the seeds were divided into wells of
approximately 30 seeds each. The germination solution was
replaced with 1 mL of sterile, twice-distilled water.

Photography

Seedlings were pipetted from culture wells and put on glass
slides. Photographs were taken with a 35 mm Nikon FE
through a Bauch and Lomb Photozoom inverted microscope
with green filtered light.

Serial Exposures

Germinated Striga seedlings (20-30) were placed in each
of 24 culture wells with 900 uL of sterile twice-distilled water.
At time zero, 100 gL of 10~° M 2,6-DMBQ was added to each
of the wells. After 2 h, the seedlings in three wells were washed
with water three times and covered with 1 mL of water. This

procedure was repeated every 2 h for the duration of the
experiment. Haustoria were counted under a dissecting mi-
croscope 24 h after the experiment began. All assays were
performed in triplicate and values are expressed as +SD.

Concentration Dependence

A 107 M solution of 2,6-DMBQ with 1% DMSO was
serially diluted in culture wells containing 20 to 30 germinated
Striga seedlings. The final volume in each well was 0.9 mL.
The number of developed haustoria were counted after 24 h.

Data Analysis

The time exposure data were fit to the logistics function
(Eq. 1) where the percent haustoria formed (% H) ranged form
zero to a maximal value of B (<1).

B
%H =T

0]

The constant A reflects the offset along the time axis and k is
a rate term that is solely associated with the change in the
population as a function of time (4, 5, 21, 29). The fit of the
data was estimated from the linear form of the equation (Eq.

Figure 1. Time course of haustoria induction. St. asiatica seeds were germinated as described in “Materials and Methods,” and at time zero,
seedlings were transferred to a Petri dish containing 10~° M 2,6-DMBQ. The photographs are of a single representative seedling at times: A, 0
h;B,8h; C,12h; D, 20 h.



210 SMITH ET AL. Plant Physiol. Vol. 93, 1990
100 - 100
80 80
g 60 - ;:; 60 -
[7] F [7]
= 3
(] .
T 40 1 g T 40 -
* ] S
H
20 A Bl o 20 4
° 2 Exposure Time, hrs.
0 & T T T T T 1 0 - T T .

0 2 4 6 8 10 12 14 16
Exposure Time, hrs.

Figure 2. Course of haustoria induction with various exposure times
to 2,6-DMBQ. S. asiatica seeds were germinated as described in
“Materials and Methods”, and 20 to 30 seedlings were placed in each
of 24 culture wells. Sterile, twice-distilled water (900 uL) was then
added along with 100 L of 107° m 2,6-DMBQ. Every 2 h this solution
was removed from three of the wells, the seedlings were rinsed three
times with sterile twice-distilled water, and then the seedlings were
covered with another portion of water. These various time exposures
are represented by the inserted bar graph. The number of seedlings
that made haustoria 24 to 48 h after initial exposure were counted
using a dissecting microscope. A seedling was counted as having a
haustorium if it possessed both a swollen meristem and haustorial
hairs. Exposure to sterile, twice-distilled water was the zero-hour
exposure control.
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Figure 3. Effect of a 2-h pretreatment with 10~¢ m 2,6-DMBQ on the
time course of haustoria induction. This experiment was performed
as in Figure 1 except that the germinated seeds were first exposed
to 10 m 2,6-DMBQ for 2 h and rinsed three times with distilled
water before the incremental exposures. This pretreatment is repre-
sented by the heavily shaded area in the bar graph.

2) where the errors were propagated standard deviations. The
half maximal response time, #.,, was calculated by setting % H
=0.5B
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Figure 4. Effect of a 2-h pretreatment of 1078 m 2,6-DMBQ on the
time course of haustoria induction. This experiment was performed
as in Figure 2, except that 10™® m 2,6-DMBQ was used as the
pretreatment. This is represented in the bar graph by the lightly
shaded area. The normal time course for haustoria induction is shown
(@) with the pretreatment (OJ).

Double Haustoria

One-day germinated Striga seedlings (20-30) were placed
in a well with 1 mL of 10~® M 2,6-DMBQ. After 12 h, the
solution was removed, the seedlings were washed with water
(3%), and covered with 1 mL of water. Approximately 2 d
later, a new meristem had appeared and the bathing medium
was replaced with 1 mL of 107 M 2,6-DMBQ. Twenty-four
h later, the seedlings were scored for the formation of the
second haustorium.

RESULTS

Primary haustorial development in Striga fits generally
within the described framework for terminal haustoria for-
mation in the parasitic angiosperms. Figure 1 shows photo-
graphs of a single Striga seedling during its 24 h of exposure
to 107% M 2,6-DMBQ. The first morphological changes in-
duced by 2,6-DMBQ are shown in the 8-h photograph (Fig.
1B). Radicle elongation has been terminated and the radial
expansion of the root meristem initiated. Cells located con-
centrically around the distal end of the swollen tip develop
into the characteristic haustorial hairs. The hairs appear after
about 12 h of incubation (Fig. 1C) and reach their maximum
length and density approximately 12 h later (Fig. 1D). Devel-
opment has been shown to be arrested at this point in the
absence of a host (18). Even though the entire host-parasite
interface is generally defined as the haustorium (27), we have,
for simplicity, referred to the haustorium as this prematurely
arrested stage that is still competent for host attachment.

Dependence on Signal Exposure Time

The response of the seedlings to 2,6-DMBQ did not appear
to be instantaneous. The initial swelling of the meristems
appeared only after about 8 h, but from that point develop-
ment continued quite rapidly. To investigate the role of the
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Figure 5. Effect of a 2-h pretreatment of 10~¢ m 2,6-DMBQ on the
dose response curve for 2,6-DMBQ. The upper plot shows the dose
response curve obtained by exposing 2-d-old Striga seedlings to
serially diluted 2,6-DMBQ for 24 to 48 h (8). The lower plot shows a
similar experiment in which the seedlings have been exposed to 10~°
M 2,6-DMBQ for 2 h and then rinsed three times with sterile twice-
distilled water before the dose response experiment was performed.
This pretreatment is denoted by the heavily shaded area in the bar
graph.

signal molecule throughout this time period, serial exposure
experiments were conducted. A plot of exposure time as a
function of the percentage of the seedlings forming haustoria
is shown in Figure 2. In every case, the percentage was
measured 24 h after the start of the experiment.

In the seedlings exposed for 2 h, the root meristems had
begun radial expansion, and the seedlings resembled those
shown in Figure 1B. After 4 to 6 h, the majority of the root
tips were swollen, but the ones that made haustoria produced
hairs which were small and few in number similar to the one
shown in Figure 1C. However, with longer exposure times,
these hairs reached normal lengths and densities. The half-
maximal exposure time was 6 h. Only with exposures to 2,6-
DMBQ for 8 h or more did high percentages of the seedlings
develop complete haustoria.

Dependence on Signal Molecule Concentration

It had been previously shown (8, 9) that the concentration
dependence of the response to 2,6-DMBQ was biphasic; con-
centrations below 10~ M were ineffective, while 10~* M and
above were inhibitory. The half-maximal stimulation oc-
curred at 3 X 1077 M. Greater than 95% of the seedlings
respond to these concentrations within 24 h. These dose-
response experiments established that long exposures to low
concentrations of 2,6-DMBQ were not capable of inducing
haustoria. Within the active range, both 10~ M and 107% M
2,6-DMBQ required =6 h exposure time. These experiments
argued against simple metabolic conversion of 2,6-DMBQ
into an active metabolite, analogous to the mechanism pro-
posed for the release of the quinone (8, 9). Removal of the
signal within the 6-h time period could further exclude such
a mechanism. Washing the seedlings after 2 h of 2,6-DMBQ
treatment followed by immediate replacement with fresh 2,6-
DMBQ resulted in the same 6-h time requirement for haus-
torial development (Fig. 3).

The results of the experiment shown in Figure 3 suggested
that it was possible to manipulate the signal exposure by
placing the seedlings in new medium within the 6-h time
frame without altering the developmental process. In the
experiments shown in Figures 4 and 5, this observation was
exploited in order to provide a better understanding of the
concentration requirements of the 6-h time period. Pretreat-
ment of the seedlings for 2 h with 1078 M 2,6-DMBQ, followed
by an increase to 10~ M, found the timing dependent only
upon the length of the exposure to the micromolar concentra-
tions (Fig. 4). There was also no change in the concentration
dependence for the completion of the 6-h time (Fig. 5).
Addition of the quinone at 1076 M for 2 h, followed by washing
the seedlings and the addition of a range of concentrations of
the quinone, gave a dose-response identical to that previously
reported (8, 9).

Plasticity in Haustorial Commitment

Seedlings which had developed a complete haustorium were
found to form a new meristem when cultured in the absence
of the quinone for 1 to 2 d (Fig. 6B). Generally, the new
meristem originated at the terminus of the haustorium and
developed colinearly with the initial radicle. However, cells of
the root axis immediately behind the haustorium also ap-
peared to organize into the new meristem. This regenerated
meristem was capable of developing a new haustorium when
reexposed to 107 M 2,6-DMBQ. By controlling the exposure
times within the first 5 d following germination, it was possible
to induce at least two distinct haustoria on a single seedling
(Fig. 6D).

When haustorial development was prematurely arrested by
signal removal, these seedlings also reverted to meristematic
growth. Again, the new meristem usually formed at the ter-
minus of the swollen area and grew colinearly with the initial
radicle (Fig. 6A) but was also found to develop laterally (Fig.
6C). In either case, this new meristem was capable of differ-
entiating into a new haustorium.

In an attempt to quantify the transition between haustorial
commitment and meristematic redifferentiation, the initial
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Figure 6. Ability of Striga seedlings to make more than one haustorium. A and C show Striga seedlings which had an initial 2,6-DMBQ exposure
of 1075 m for 2 h. A remained in sterile, twice-distilled water for the remainder of the assay. 10 m 2,6-DMBQ was reapplied to C after 10.5 h in
water. The photographs were taken 36 h after the beginning of the assay. B and D are seedlings which had a 12-h initial exposure to 107° M
2,6-DMBQ. B remained in distilled water for the remainder of the assay while D was reexposed to 2,6-DMBQ for 36 h after washing with water
(3%). The photographs were taken 72 h after the beginning of the assay. Each seed is approximately 100 um in diameter. Arrows indicate both
the areas of initial swelling and the haustoria.

exposure to 107 M 2,6-DMBQ was followed by a variable
delay time, 7, which was then followed by the same serial
exposure experiment as in Figure 2. If the quinone was
reapplied immediately after the initial 2 h exposure, i.e. 7 =
0, completely normal haustorial differentiation was observed.
The same normal development occurred with + = 2 h (Fig.
7A). As the delay time was increased, however, the distance
between the initial swelling and the developing haustoria
increased (Fig. 7, B, C, and D). After 8.5 h, haustorial hairs
no longer formed on the initially swollen area. After a 10.5-h
interruption, a length of radicle was visible between the two
distinct swollen regions.

The time dependence for haustorial formation was also
varied with 7. With = = 0, the expected 4 additional hours of
exposure to the quinone was required, whereas with 7 = 4 h,
6 additional hours was required. In this case, the response
data were fit to a logistics function in order to calculate a
more accurate #,.. It was found that the overall shape of these
curves, indicated primarily by the variance of the value of k
(3.44 £ 0.41 x 10~ s7"), changed very little even though the
delay times changed significantly. A plot of #,, versus the delay
between the exposures, 7, is shown in Figure 8.

DISCUSSION

In recent years, there has been a dramatic increase in the
efforts directed at understanding recognition events both in
plant/bacteria interactions (7, 14, 19, 20, 24) and in plant
cell-cell recognition (1). Advances in molecular genetics have
revealed new strategies for the study of these processes and
have motivated much of this increased interest. The parasitic
plants share many of the essential elements of the host-
pathogen interaction and, at the same time, encompass some
of the fundamental processes of plant cellular development.
Within this context, we have attempted to define the sequence
of events regulating the developmental transition from vege-
tative to parasitic growth in Striga asiatica.

S. asiatica shows two early developmental commitments
that are induced by chemical signals from its host, germina-
tion and haustorial formation. In each case, further develop-
ment is arrested at a stable stage and continues only in the
presence of an independent host-derived signal. The commit-
ment of Striga to primary haustorial formation has been
shown to be regulated by the host-derived molecule, 2,6-
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Figure 7. Effect of various delay times on the position of initial swelling and final haustoria formation. S. asiatica seeds were germinated as
described. The seedlings (20-30) were placed in culture wells and incubated with 1 of mL 10~° m 2,6-DMBAQ for 2 h. The seedlings were washed
with distilled water three times and allowed to stand in 900 L of distilled water for various lengths of time. Every 2 h, 100 uL of 10™* m 2,6-
DMBQ was added to a different series of wells. Photographs were taken 48 h after the beginning of the assay. The delay times for the different
photos are: A, 2 h; B, 4.5 h; C, 8.5 h; D, 10.5 h. Arrows indicate the distinctly swollen areas.

DMBQ (9). These experiments establish this to be an ex-
tremely rapid developmental process with morphological
changes noticeable as early as 8 h after exposure to 2,6-DMBQ
and completed approximately 12 h later.

The data in Figures 4 and 5 suggest that signal molecule
concentration and exposure time were independent parame-
ters. Both a micromolar quinone concentration and an ex-
posure time of =6 h were required before haustorial devel-
opment was induced. For example, no swelling was detected
in seedlings exposed to low 2,6-DMBQ concentrations for
extended periods of time (Fig. 5A), and seedlings initially
exposed to 107 M 2,6-DMBQ for 2 h followed by long
exposures to lower concentrations (Fig. 5B) did not develop
haustoria. However, this 2-h exposure of the seedlings to
micromolar levels of 2,6-DMBQ did induce meristem swell-
ing. Longer exposures induced initial haustorial hair forma-
tion, but full development was terminated and the seedlings
uniformly reverted to meristematic elongation without an
exposure time of =6 h.

Other systems have also been shown to require extended
exposures to growth factors throughout a developmental pro-

gram (11, 23, 28). For Striga, which is not immediately
capable of radicle elongation after haustorial commitment,
premature haustorial development would severely reduce the
possibility of viable host attachment and successful progres-
sion toward seed set. This requirement for a specific signal
over an extended period of time provides a mechanism for
increasing the inherent resolution of the detection system.
Such an increase in resolution would be expected to be
beneficial for any irreversible differentiation event and may
prove to be a feature of other developmental processes.

While our experiments have not further defined the mech-
anism of the detection system capable of processing such
time-dependent information, they have added some perspec-
tive relative to the precision of the detection and the plasticity
of the developmental commitment. The precise nature of the
time requirement in Striga was most clearly demonstrated by
the data shown in Figures 7 and 8. These experiments meas-
ured the time required for the Striga to ‘forget’ the initial
incremental exposure to the quinone and revert back to the
normal 6 h dependence. In each case, the demarcation be-
tween those seedlings which committed to haustorial forma-
tion and those which did not was very clear.
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Figure 8. Effect of various delay times on the time needed for 50%
of the seedlings to make haustoria (t+,). The data obtained from the
serial exposures of the seedlings to 2,6-DMBQ following the different
delay times 7 were fit to a logistics sigmoid (3, 21). In the least
squares analysis fit of the data, it was found that, while A varied
greatly with the different exposure conditions, the rate term k was of
the order of 3.44 x 107*s™" and varied only +12%. The half-maximal
response time, t,,, was calculated by setting %H = 0.5B. These times
were then plotted against the various r times. Each point on the
graph is the mean for two separate assays.

Related growth changes (e.g. population growth) have been
modeled with either distribution or logistics functions (5).
Although logistic and normal functions have different theo-
retical bases, they are similar in shape and both have the
property of only asymptotically approaching their limiting
values. Since there is a logistics curve for any normal function
where there is agreement to within 1.5% at all points (29), it
was not possible to distinguish between the two treatments
with these data. Nevertheless, the fit of the data to the logistics
function and the constancy of the rate term (k varied + 12%)
were consistent with a precisely defined, and highly synchron-
ous, response of the seedlings to the quinone.

The level of plasticity in Striga’s commitment to primary
haustorial development during the 6-h detection period was
quantified by the experiment shown in Figure 8. Following a
2 h exposure to 2,6-DMBQ, a 4-h period was required for
reversion back to meristematic growth, and the normal 6-h
exposure was required to induce haustorial development. The
extent to which this plasticity provides a developmental ad-
vantage for Striga is not yet known. The parasitic members
of the Scrophulariaceae form both primary as well as second-
ary haustoria (15) and, therefore, can establish multiple con-
tacts with their hosts. The secondary haustoria develop lat-
erally along the root and are not commitments from the
meristematic tip. Therefore, primary haustorial attachment
dictates the success or failure of Striga. Physical removal of
the seedling from the host root surface, or initiation of attach-
ment to a root too small to provide a local concentration of
107¢ M 2,6-DMBQ for at least 6 h, are two possibilities that
would result in the redevelopment of a meristem. The ability
of the seedling to revert rapidly to a growing meristem during

Plant Physiol. Vol. 93, 1990

the 6-h detection period could clearly be beneficial in these
situations.

The seedlings were far less able to abort haustorial com-
mitment once exposed to 2,6-DMBQ for =6 h. Nevertheless,
the fact that haustorial development is not a terminal differ-
entiation of the root meristem but rather a stable stage on
route to host integration should not be minimized. The seed-
lings are responsive for haustorial induction only within 5 d
of germination, presumably before the energy requirement
for haustorial development exceeds the stores of the seed (8).
During this 5-d time frame, only two primary haustoria can
be induced routinely under the optimal conditions of the
laboratory and, therefore, this level of plasticity may be of
little relevance in the initial host attachment. However, the
final host penetration for xylem attachment in many of the
parasitic angiosperms is the result of a further outgrowth of
the attached haustorium (15, 16, 25). The activation of this
further penetration in Striga constitutes the third major de-
velopmental switch following germination and haustorial in-
duction. The redifferentiation of a meristem from a fully
developed haustorium in reduced concentrations of 2,6-
DMBQ may be an integral part of this third switch in Striga.
Further work on this system may provide additional insights
into the mechanism through which signal molecules can
activate these developmental changes and control the more
general aspects of plant/pathogen interactions.
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