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Summary 

Agalinis purpurea (L.) Raf. (Scrophulariaceae) is a facultative root- 
parasite. Haustoria, the organs specialized for host attachment and 
penetration, develop rapidly after exposure of the parasite's roots to 
host root exudate or specific haustoria-inducing molecules. Haustoria 
are competent to attach as early as 6 12 hours post-induction and 
reach a maximal level of attachment by 36hours. Developing 
haustoria which have not contacted a host by 60-72hours of 
development fail to attach when contact is established. However, this 
time course of attachment competency is extended for haustoria 
which have previously been attached to a host. Attachment is a non- 
discriminatory event and induced haustoria will adhere to a variety of 
biological and non-biological snbstrates. Adhesion is mediated 
through specialized haustorial hairs whose surface is covered with a 
papillate network. The papillae represent the cement which attaches 
the haustorium to its host. The proportion of papillate hairs on 
haustoria parallels the attachment competency. 

Keywords: Agalinis purpurea (Scrophulariaceae); Attachment; 
Haustorium; Parasitic angiosperm. 

1. Introduction 

Angiosperm root parasites are a heterogeneous group 
of species distributed among eight families of flowering 
p l a n t s  (KUIJT 1969). Many, like Agalinis purpurea, are 
facultative parasites with a normal photosynthetic 
potential and are capable of completing their life cycle 
without a host, although in nature they are invariably 
found attached to the roots of neighbouring plants. 

1 Portion of a dissertation submitted by the first author in partial 
fulfillment of the Ph.D. in Biology at the University of Virginia. 
* Correspondence and Reprints: Department of Molecular and 
Population Genetics, Bio.-Sci. Building, University of Georgia, 
Athens, GA 30602, U.S.A. 

Typically these plants exert little physiological effect on 
their hosts (TsivION 1979). Others, like Striga spp. and 
Orobanche spp., are obligate parasites. For these, host 
contact is essential for completion of their life cycle; 
contact must be established very early after germination 
and the effect of parasitism on the host plant can be 
severe (EP•EE 1981, MUSSULMAN 1980). 
The structure common to all root parasites is the 
haustorium, the unique organ effecting parasitism. 
Haustoria usually appear as knob-like structures 
distributed laterally along the root axis of the parasite. 
On casual observation they resemble short, bulbous 
lateral roots and are easily mistaken for nitrogen-fixing 
root nodules. However, they are different from both 
these organs in developmental origin, cellular organiza- 
tion and function (MusSELMAN and DICKISON 1975, 
KUIJT 1977). 
It is instructive to consider haustorial development in 
four stages: initiation, pre-contact, attachment and 
penetration. Under optimal conditions the process is 
continuous and culminates in the establishment of a 
vascular tissue bridge between parasite and host. It has 
been shown that the onset of haustorium initiation 
requires specific physiological and environmental 
s ignals  (ATSATT et al. 1978, RIOPEL and MUSSELMAN 
1979). Typically few or no haustoria develop in the 
absence of host roots (RIoPEL 1979; W~ER 1981). 
Recent evidence has shown that low molecular weight 
flavonoids can function as the signal molecules respon- 
sible for haustoria induction in Agalinis (LYNN et aL 
1981). These compounds and their analogs reveal a 
high degree of molecular specificity on the part of the 
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parasite (STEFFENS et al. 1982) wh ich  is in m a r k e d  

c o n t r a s t  to its b r o a d  h o s t  range.  

O n c e  induced ,  d e v e l o p m e n t  will  p r o c e e d  to  a t t a c h m e n t  

w i th  no  fu r t he r  ex te rna l  o r  hos t  inf luence .  F o l l o w i n g  

a t t a c h m e n t ,  the  h o s t  is p e n e t r a t e d  by  the  e n d o p h y t e  

(DOBBINS a n d  KUIJT 1973b,  TOTH a n d  KUIJT 1977). 

H o w e v e r ,  in the  absence  o f  hos t  con tac t ,  d e v e l o p m e n t  

ceases  at  the  p r e - c o n t a c t  s tage  a n d  the  d i f f e r en t i a t i on  o f  

cells cha rac t e r i s t i c  o f  the  p e n e t r a t i o n  s tage  is n o t  

o b s e r v e d  (RIOPEL and  MUSSELMAN 1979). Thus ,  at- 

t a c h m e n t  is ev iden t ly  a p re - r equ i s i t e  fo r  the  c o n t i n u e d  

m a t u r a t i o n  o f  the  h a u s t o r i u m .  A be t t e r  u n d e r s t a n d i n g  

o f  the  p rocess  w o u l d  t h e r e f o r e  c lar i fy  the  ro le  o f  

a t t a c h m e n t  in the  successful  e s t a b l i s h m e n t  o f  the  

paras i te .  

Th is  p a p e r  focuses  on  h a u s t o r i a l  a t t a c h m e n t  in Agalinis  

purpurea  g r o w n  u n d e r  e x p e r i m e n t a l  c o n d i t i o n s  in 

sterile cu l ture .  S t ruc tu ra l ,  t e m p o r a l  a n d  b i o c h e m i c a l  

p a r a m e t e r s  o f  a t t a c h m e n t  are  descr ibed .  

2. Methods 

2.1. Plant Material 

Plants of Agalinis purpurea (L.) Raf. (Scrophulariaceae) were grown 
axenically, in 35 • 10 mm plastic Petri dishes, from vernalized seeds as 
previously described (RIOPEL and MUSSELMAN 1979). The nutrient 
medium contained modified MS salts (MURASHIGE and SKOO6 1962), 
0.5% sucrose and was solidified with 0.9% agar (pH6.8 before 
autoclaving). Experiments were conducted on 3-5-week-old plants. 
Host plants were germinated on moist filter paper and placed in 
contact with Agalinis after three weeks. 

2.2. Induction of Haustoria 

Haustoria were induced on Agalinis roots in one of three ways: (1) 
placement of roots of an axenically grown host plant (i.e., Lespedeza 
sericea) in liquid medium with Agalinis, (2) placement of Agalinis 
plants in a 0.1% solution of gum tragacanth (GT) which is known to 
contain at least two haustorial inducing molecules (LYNN et al. 1981, 
STEFFENS et al. 1982), (3) placement of a 0.5 cm diameter filter paper 
disk, previously treated with an alcohol extract of GT and air dried, 
into the medium near roots of Agalinis. Agalinis plants responded 
similarly to all three induction methods. 

2.3. Release of Attached Haustoria 

The release of attached haustoria was monitored during their 
exposure to solvents reported to solubilize specific classes of wall 
macromolecules. Haustoria which had been attached for 4 5 days 
were treated in 5 ml of the solutions for varying lengths of time up to 
24hours, after which the percent of released haustoria was deter- 
mined. (a) Waxes were dissolved with ethanol, methanol, chloroform 
or acetone (JENSEN 1962); (b) cutin/suberin were extracted by 
refluxing in tetrahydrofuran with an excess of LiAIH 4 or in 14% BF 3 
in methanol (ESPELIE et al. 1980); (c) lignins were dissolved with 
hydrofluoric acid or hydrogen peroxide (JOHANSEN 1940); (d) 
general, non-cellulosic carbohydrates were extracted with 10% nitric 
and chromic acid (JOHANSEN 1940), 1:1 H202 and glacial acetic acid 

(KROH and KNUIMAN 1982), or 0.5% oxalate followed by successive 
treatments of 4% and 17.5% NaOH (JENSEN 1962); (3)pectins were 
extracted in boiling H20 , 0.1 M NaCO 3 (JARvIS et  al. 1981), 2% HC1 
followed by 2% NH4OH (FAcEY 1950), 1% disodium EDTA (KrRBY 
and ROBERTS 1971), 3% sodium hexametaphosphate (GRUSAK et al. 
1980), or refluxed in 0.1 M ammonium oxalate in oxalic acid, acetate 
or citrate buffer (NISHITANI and MASUDA 1982; JARVIS et al. 1981); 
(f) hemicelluloses were extracted in 3% H2SO 4 (RAY and BAKER 1965) 
or in 1.0N NaOH followed by 6.0N NaOH (GRUSAK et al. 1980, 
ASAMtZU and NISHI 1980, REID and WILKIE 1969); (g) callose was 
extracted in saturated solutions of calcium or stannous chloride 
(REYNOLDS and ROBERTS 1976), DMSO or 1% NaC10 (VITHANAGE 
et al. 1980), and (h) proteins were solubilized by heating in a buffer 
containing 2% SDS and 5% 2-mercaptoethanol (LAEMMLI 1970). 
Also, commercially available glycolytic enzymes were monitored for 
their ability to release attached haustoria. These enzymes were used as 
2% solutions in 0.1 M K-phosphate buffer (pH 5.5) at 30 ~ The 
proteinases, pronase and trypsin, were used at pH 7.2. 

2.4. Scanning Electron Microscopy 

Roots with haustoria were placed in Karnovsky's fixative 
(KARNOVSKY 1965) in 0.1 M cacodylate buffer, pH 7.2, containing 
0.1~ sodium azide (MINASSIAN and HUANG 1979). Fixation was for 
2hours at room temperature or overnight at 4~ Some specimens 
were post-fixed either in cacodylate buffered 2% osmium tetroxide or 
following the osmium-thiocarbohydrazide-osmium method of 
KELLEY et al. (1975). These specimens were then dehydrated through 
an ethanoi series, critical point dried in a Tousimis Samdri PVT-3 
(Rockville, Md., U.S.A) and coated with 100/~ of gold-palladium 
alloy using a Technics Hummer (Alexandria, Va., U.S.A). Specimens 
were examined with the aid of an ETEC Autoscan operated at 20 kV 
accelerating voltage. 

3. Results and Observations 

3.1. A t t a c h m e n t  Subs t ra tum 

L a b o r a t o r y  a n d  f ield o b s e r v a t i o n s  o f  soil  g r o w n  p lan t s  

revea l  t ha t  haus to r i a l  a t t a c h m e n t  f r equenc ie s  are  

va r i ab le  (25 -80~) .  I n  the  soil  m o s t  h a u s t o r i a  a re  usua l ly  

a t t a c h e d  to a d j a c e n t  r oo t s  bu t  o the r s  a re  e i t h e r  n o t  

a t t a c h e d  or  a t t a c h e d  to  a va r i e ty  o f  i n a n i m a t e  objects .  

Th is  has  been  r e p o r t e d  for  o the r  r o o t  pa ras i t es  as wel l  

(KuIJT 1969, WERTH a n d  RIOPEL 1979). T o  e v a l u a t e  the  

fac to rs  t ha t  m i g h t  be r e q u i r e d  o f  the  h o s t  su r face  to 

insure  successful  a t t a c h m e n t  o f  Agalinis ,  we i n d u c e d  

h a u s t o r i a  in the  p re sence  o f  an  a s s o r t m e n t  o f  na tu r a l  

and  ar t i f ica l  a t t a c h m e n t  subs t ra tes .  

Agalinis  a t t a c h e d  to r o o t s  o f  all  p l an t s  tes ted,  i n c l u d i n g  

b o t h  h e r b a c e o u s  and  w o o d y  species (Tab le  1). W e  

selected Lespedeza sericea (Leguminosae) as a control  host  

for  c o m p a r i s o n s  o f  a t t a c h m e n t  wi th  ar t i f ical  subst ra tes  

r ep r e sen t i ng  a va r i e ty  o f  sur face  t ex tu res  and  c h e m i c a l  

c o m p o s i t i o n s .  D a t a  fo r  these  e x p e r i m e n t s  are  sum-  

m a r i z e d  in T a b l e  2 a n d  s h o w  t h a t  h a u s t o r i a  will  a t t a c h  

to  a l m o s t  all  subs t ra tes  p resen ted .  F e w  o r  n o  at- 

t a c h m e n t s  ( <  20%) were  m a d e  to meta l l i c  o r  me ta l -  
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Table 1. Host plants to which Agalinis attached 

Dicotyledons Monocotyledons 

Arenaria graminifolia Agrostis sp. 

Astragalus cicer Danthonia curva 
Bursera rubra Digitaria vestita 

Castilleja coccinea Festuca rubra 
Delphinium sp. Holcus lanatus 
Dianthus armeria Juncus maritimus 

Lespedeza sericea Panicum amarulum 

Oenothera biennis Phalaris sp. 

Penstemon digitalis Poa pratensis 
Petunia sp. Setaria macrostachya 

Potentilla buccoana 
Quercus sp. Gymnosperms  

Trifolium repens Pinus echinata 

Vernonia incana P. strobus 
Vicia villosa P. taeda 

Table2. Attachment to experimental substrates 

Substrates Percent 
attached 1 

I. Biological materials 
A. Control host roots 70 

(L. sericea) stems 60 
leaves 60 
seed coats 60 

B. Applicator sticks 60 
C. Pith of Sambucus canadensis 70 

D. Cork 60 
E. "Whatman" filter paper (25 --. 2 ~m) 50-70 

II. Non-biological materials 
A. Molecular membrane filters (10.0 --* 0.025 ~m) 

"Nucleopore" (polycarbonate) 80-100 
"Gelman" (cellulose triacetate) 80-100 
"Milipore" (cellular nitrate and acetate) 70-90 

B. Plastic Petri dishes (polystyrene) 
culture/non-culture 90/85 

C. Metal-coated plastic Petri dishes 0-20 
(50-100/~ of carbon or platinum, or 200A 
of gold/palladium) 

D. Glass Petri dishes 40-50 

1 Percentages were determined 48 hours  after induction as a ratio of  

attached to induced haustoria and normalized to 100% for highest 

value obtained. 

coated surface, apparently because of toxicity of  these 
substrates which resulted in necrosis of  the haustoria. 
Artificial substrates often yield higher attachment 
percentages ( > 70%) than Lespedeza roots. This results 
in part  f rom the uniformity of  artificial surfaces and -in 

part  f rom our ability to obtain juxtaposition of large 

portions of  the parasite root and the artifical surface. 
This is not possible with host roots, and as a result 

haustoria would frequently initiate where contact with 
a host root was impossible, contributing to a lower ratio 

of attached to induced haustoria. The percentages 

undoubtedly reflect this aspect of at tachment and are 
presented as a justification for our use of plastic Petri 

dishes as the artificial attachment substrate in subsequent 
haustoria release and time course experiments. 

3.2. Structural Basis of  Attachment 

Hairs are one of the most  conspicuous features of the 

haustoria of many species of parasitic Scrophu- 

lariaceae. In Agalinis, hair formation is well advanced 

by 24hours after induction (RIOPEL and M USSELMAN 

1979), and hair initiation continues throughout the pre- 
contact stage. Older hairs continue to elongate, and 

new ones arise in an acropetal sequence. The haustorial 
apex is typically glabrous and subtended by a ring of 

hairs (Fig. 1). These hairs are important  to the at- 

tachment process. They are the first haustorial struc- 
tures to come in contact with the host surface (Fig. 2), 

and their structure indicates that they may be functional- 
ly different from other hairs along the root axis. The 

most interesting difference is that while the surface of 

root hairs is smooth (Fig. 3) the surface of most 
haustorial hairs bears a papillate covering (Fig. 4). 
Papillae are present on haustorial hairs prior to physical 

contact with a host. Occasionally discrete papillae are 

found on the haustorial apex as well. 
The relative abundance of papillate hairs on developing, 
attached and unattached haustoria is illustrated in Fig. 5. 

Papillae are found on the largest percentage of hairs by 
24 36 hours post-induction. After this, the percentage 
of papillate hairs remains approximately constant for 

attached haustoria but decreases with age for unat- 
tached haustoria. Examining just the most apical hairs 

on the older haustoria shows that attached haustoria 

have a much larger percentage of papillate hairs than 
do unattached haustoria. Note  also that the total 

number of  hairs per haustorium continued to increase 
throughout the 72-hour experiment. 
Close examination of the parasite-host interface indicates 

that the papillate hairs take an active role in at- 
tachment. The papillae are deformed into a thin, mesh- 
like network at the contact interface (Fig. 6), and this is 
exaggerated when one hair attaches to another (Fig. 7). 
Separation of the attached partners demonstrates that 
the adhesion of the papillate haustorial hairs to the host 
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Fig. 1.48-hour-old haustorium (x  150). Bar represents 100 gm 

Fig. 2 .24 hour haustorium in contact with a host root (x  115). Bar represents 100 gm 

Fig. 3. Root  hair on 48 hour induced root (x  1,500). Bar represents I0 gm 

Fig. 4. Haustorial hair on 48 hour unattached haustorium ( x 3,600). Bar represents 1 ~tm 
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Fig. 5. Comparison ofhaustoria age (h = hours) and relative percent 
of haustorial hairs which have papillae. ( x ) Percent of total hairs per 
haustorium normalized to 72 hour haustoria. (0) Percent papillate 
hairs per attached haustorium. (A) Percent of most-apical hairs which 
have papillae per attached haustorium. (�9 Percent papillate hairs 
per unattached haustorium. (~) Percent of most-apical hairs which 
have papillae per unattached haustorium 

has established a structural  bond.  As a result of this 

separation,  a por t ion  of the host surface that  corres- 

ponds  to the contact  interface is retained by the hair, or 

occasionally the hairs may tear loose from the haustorium 

and remain at tached to the host. Two examples of the 

former, each originally at tached to different host cell 

types, are shown in Figs. 8 and 9. As in Fig. 6, the 

papillae appear  to have coalesced in the contact  region 

between the two appressed surfaces. 

Ano the r  very interesting characteristic of the haustorial  

hairs can be observed in Fig. 10. Once the hairs have 

contacted the host root  they cont inue  to grow along it, 

following closely the contours  of the root  surface. 

Haustor ia l  hairs have never been observed to breach 

the epidermal layer of the host or to penetrate 

individual  epidermal cells, a l though they will grow into 

a crevice when one is encountered.  

3.3. Release o f  At tached Haustoria 

Fol lowing the approach taken by investigators of p lant  

cell wall chemistry, the basic chemical na ture  of the 

adhesive material  was investigated using selective 

chemical solubilizations to release at tached haustoria.  

Data  from these experiments are summarized in Table 3. 

In  general, haustor ia  were not  released by t reatments  

reported to solubilize waxes, cutins, suberins, lignins or 

proteins (0-3%), bu t  were released when exposed to 

carbohydra te  solvents. Chemical  extractions of non-  

cellulosic carbohydrates  released haustor ia  in large 

Table 3. Release of attached haustoria i 

Waxes: ethanol 0 [25] 
methanol 0 [25] 

Cutin/suberin : LiA1H 4 0 [25] 

Lignin : H202 2 [30] 

Non-Cellulosic carbohydrates: oxalate/NaOH 92 [134] 
HzO/HOAc 95 [40] 

Pectins: H20 0 [50] 
Na2CO 3 0 [50] 
HC1/NH4OH 0 [30] 

Hemicelluloses: NaOH 0.5 N 76 [110] 
NaOH 6 N 80 [30] 2 

Callose: SnC12 0 [25] 
CaC12 0 [20] 

Proteins: SDS/BME 0 [20] 

chloroform 0 [25] 
acetone 0 [25] 

BF3(MeOH ) 3 [30] 

HF 0 [25] 

nitric/chromatic acid 100 [251 

EDTA 0 [ 8 4 ]  pectinase 3 11 [114] 
(NaPO3) 6 3 [ 6 0 ]  Pcctinol-AC 4 8 [50] 
oxalate 3 [119] Rohament-P 4 5 [90] 

NaOH 1 N/6 N 94 [110] hemicellulase 3 26 [75] 
H2SO 4 15 [ 8 1 ]  Rhozyme Hp- 1504 34 [60] 

NaC10 84 [25] 
DMSO 26 [15] 

trypsin5 0 [25] pronase 6 0 [27] 

1 The percent of relased haustoria follows each chemical or enzyme treatment and this is followed in brackets by the total number ofhaustoria in 
that treatment. This total includes only haustoria attached to plastic Petri dishes although haustoria attached to host roots demonstrated 
identical trends between and within categories. 
z Percent of haustoria, not released by 1 N NaOH treatment, which were released by a subsequent 6 N NaOH treatment. 
3 Sigma; St. Louis, MO. 
4 R6hm Haas, Philadelphia, PA. 
s Gibco; New York, N.Y. 
6 Calbiochem; San Diego, CA. 
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Fig, 6. Interface between haustorial hair of the parasite (P) and host root surface (/4). Many papillae have coalesced and they bridge the gap 
at the contact region (x  10,000) 

Fig, 7. Interface between two attached haustorial hairs (h 1 and h2) ( x  10,500) 

Fig. 8. Branched haustorial hair previously attached to parenchyma cells of elder pith. A portion of cell wall remains attached ( x 4,000) 

Fig. 9. Haustorial hair previously attached to the leaf of Lespedeza sericea. A portion of leaf cuticle remains attached ( x 5,000). Bars represent 
1 ~m 
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toria in significant quantities also removed most if not 
all of  the papillae (Figs. 11 c and d). These data suggest 
that the papillae are composed of the same substance(s) 
as that which cements the parasite to the host. 

Fig. 10. Host-parasite interface showing haustorial hairs attached 

and growing along the host  root surface (x  800). Bar represents 
10~m 

numbers ( >  90~). Although the more severe ni- 
tric/chromic acid treatment released all attached haus- 
toria within 10-20minutes of exposure, continued 
exposure completely dissolved the haustoria. This was 
the only treatment which altered the cellular integrity of 
the haustoria; in all other treatments released haustoria 
were intact. 
Calcium chelating agents [EDTA, (NaPO3)6, Oxalate] 
and other solvents commonly employed to remove 
pectins (H20, HC1/NH4OH) do not release haustoria to 
any appreciable extent (0-3~o). Haustoria were released 
by dilute (76~) and concentrated (94~) alkali. Haus- 
toria were not released by treatments with stannous or 
calcium chloride but were released by DMSO (26~) 
and dilute NaC10 (84~). Also presented in Table 3 are 
data from similar experiments using commercially 
available enzymes. Although these results are consistent 
with those for the organic and inorganic solvents, they 
must be considered preliminary in view of the impure 
nature of these enzyme preparations. 
Further verification of the papillae's importance in 
attachment is provided by examining haustorial hairs 
treated with these same solvents. Treatments that did 
not release haustoria also failed to remove papillae to 
any appreciable extent (Figs. 11 a and b). Similarly, the 
treatments previously demonstrated to release haus- 

3.4. Attachment Time Course 

Our results from experiments using substitute at- 
tachment substrates have demonstrated the indiscriminate 
nature of haustorial attachment. This observation, 
combined with a previous report that a large number of 
mature, well developed haustoria failed to attach when 
presented with a host (RIOPEL and MUSSELMAN 1979), 
led us to investigate the time course of attachment. This 
allowed us to determine the relationship between 
haustorial maturation and attachment competency. In 
initial experiments, both live hosts and plastic Petri 
dishes were used as attachment substrates. Since trends 
in attachment to live hosts paralleled those for Petri 
dishes, and since increase in the proportion (ratio) of 
attached haustoria to induced haustoria can be obtained 

using Petri dishes; the data presented are from ex- 
periments using plastic Petri dishes as a substitute 
attachment substrate. 
Table 4 summarizes experiments in which attachment 

efficiency was monitored at specific intervals over a 
four-day period. Some adhesion (2~) can occur as early 
as 6 hours after induction (exposure). At 12 hours, 16% of 
the haustoria have attached. However, these averages do 
not reflect the large variation in attachment percentage 
or the tenuous nature of these early attachments. 
Significantly higher levels of attachment (t 7 = 3.61, 
p < 0.05) are reached by 18 hours post-induction, at 
which time over 60~o of the developing haustoria have 

Table4. Attachment time-course 1 

Haustoria  age in hours Percent attached ~ + S D z 

0 0 

6 2.1 _+ 2.6 

12 15.6 + 10.1 

18 68.2 + 4.2 

24 83.2 + 7.4 

36 91.0 _+ 4.3 

48 94.6 _+ 2.8 

60 96.0 _+ 4.0 

72 95.0 _+ 4.4 

96 97.5 _+ 3.0 

1 Developing haustoria constantly in contact with the at tachment  

substrate. 

2 N = 8; average number  of  haustoria per time point = 75. 
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Fig. I I. 48 hour haustorial hairs exposed to various chemical extractions or enzyme treatments, a Pronase-treated hair ( • 3,800). b Oxalate- 
treated hair ( x 3,700). c Hemicellulase-treated hair ( x 3,600). d 1 N NaOH-treated hair ( x 3,600). (Bar in each photograph represents 1 tzm) 

a t tached.  M a x i m a l  levels of  a t t a chmen t  ( >  90~)  have 

been a t ta ined  by  36 hours .  

The  length  o f  t ime haus to r i a  re ta in  the capac i ty  to 

a t t ach  to  a hos t  was then invest igated.  In  these 

exper iments  haus to r i a  were induced  wi thou t  a host ,  

then at  12-hour intervals  p lan ts  with deve lop ing  haus-  

to r ia  were p laced  in con tac t  wi th  the substrate .  Table  5 

presents  the results  o f  these exper iments .  H a u s t o r i a  o f  a 

pa r t i cu la r  age g roup  were found  to require  a m i n i m u m  

of  18-24 hours ,  af ter  hos t  contact ,  to  reach  peak  levels 

o f  a t tachment .  The  da t a  for  24 (and 36) hours  af ter  

t ransfer  show tha t  the percent  a t t a chmen t  decreases as 
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Table 5. Attachment of Agalinis after delayed contact Table 6. Reattachment of haustoria after~ delayed contact 

Haustoria age I at 
time of contact with 
attachment substrate 

Percent attached: ~ + SD 2 

(Hours after contact) 
(12) (24) (36) 

0 20!13.4 85_+2.8 93• 
12 45• 82• 86• 
24 62_+12 76• 75• 
36 43_+ 13 51• 1.4 53• 
48 24• 1.4 27_+2 25•  
60 3 • 4.6 3 • 4.2 5 • 7.3 
72 6• 0 •  2• 
84 3_+4.0 1• 0 •  
96 0 •  0 •  0 •  

Haustoria age 1 
at time of 
dislodging 

Percent reattached2: f~ + SD 3 

(Hours after dislodging before attachment 
substrate was reintroduced) 
(0) (12) (24) 

0 91.0 • 10.3 82.0 • 7.0 76.0 _+ 1.4 
12 90.1 • 5.3 80.1 • 9.3 69.0 • 15.1 
24 79.7 • 8.3 74.1 • 4.1 30.0 • 0.0 
36 72.5 • 11.6 58.1 • 7.3 30.0 • 2.0 
48 54.1 • 7.0 29.6 • 5.6 20.5 _+ 3.5 
60 32.0 _+ 5.7 25.8 _+ 4.3 14.0 • 2.0 
72 23.2 • 4.5 19.6 • 0.5 6.5 • 1.5 
96 14.3 • 3.6 13.9 • 0.5 11.7 • 1.6 

In hours. 
2 For each time point N = 3; average number of haustoria = 50. 

1 In hours. 
2 Counted 24hours after reintroduction of host. 
3 N = 4; average of 60 haustoria per time point. 

the interval between induc t ion  and substrate contact  is 

increased. There is a marked  decrease in a t tachment  

frequency for haustor ia  older than  24 hours,  such that  

by 60 hours or older, haustorial at tachment percentages 

are not  significantly different from zero (p < 0.05). 

The capacity of previously attached haustoria, dislodged 

by gentle pressure to the roots, to reattach was also 

investigated. Attached haustor ia  of specific ages were 

dislodged and  then re turned to the substrate after 0, 12, 

or 24 hours. Twenty-four  hours  later the n u m b e r  of 

reat tached haustor ia  was determined.  Results of this 

experiment are summarized in Table6 .  As in the 

previous experiment, a decrease in attachment percentage 

with increasing haustor ia l  age is seen. In  Fig. 12, the 

a t tachment  competency for similarly aged, una t tached  

or previously at tached haustor ia  are compared dur ing 

development.  It  is seen that  a t tachment  percentages are 

as high or higher, and  that  a t tachment  competency 

(especially for haustoria 60 hours or older) is mainta ined 

longer, for previously at tached haustor ia  than for 

unat tached  ones. 

One explanat ion  for this might  be that  previously 

at tached haustor ia  are able to reattach because the 

cementing substances remains adhesive after the haus- 

toria have been dislodged. However,  the observat ion 

that  older, dislodged haustor ia  reat tach at consistently 

lower frequencies than  younger  haustor ia  seems to 

argue against  this explanat ion.  To investigate this 

possibility further, roots with at tached haustor ia  were 

killed by placement  in 5 ~  solutions of glutaraldehyde 

or sodium azide for 6 hours,  and then dislodged and 

immediately placed back in contact  with the substrate. 
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Fig. 12. Comparison of attachment percentages for unattached and 
dislodged haustoria after delayed contact with the attachment 
substrate. (O) Percent attachment of unattached haustoria versus age 
of haustoria when placed in contact with substrate. Percent at- 
tachment of previously attached haustoria versus age of haustoria at 
time of dislodging and then reintroduction of attachment substrate 
delayed for zero hours (O); delayed 12 hours (A); delayed 24 hours 
([]). Age of haustoria is in hours (h) 

Al though these haustor ia  have hairs with papillae, they 

were rarely if ever observed to reattach (TableT). 

Rea t tachment  at levels equal to those of intact  haus- 

toria (Table 6) or at levels of haustor ia  severed from the 

mother  root  (Table 7) would be expected if reattach- 
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Table 7. Reattachment of treated haustoria 

Haustoria age 1 at Percent reattached2:2 + S D 3 

time of treatment . . . .  

and dislodging Treatment 4 

Severed Killed5 

12 94.4 + 3.2 0 + 0 

18 76.2 + 13.0 0.9 _+ 2.5 

24 60.9 +_ 20.7 3.8 +_ 3.1 

36 41.5 _+ 9.6 1.3 _+ 2.1 

48 31.7 _+ 16.7 0 _+ 0 

1 In hours. 

2 Counted 24hours  after treatment. 

3 N = 4; average of  60 haustoria per time point per treatment. 

4 Haustoria  constantly in contact with the at tachment  substrate prior 

to dislodging. 

5 Combined results for both glutaraldehyde and sodium azide. 

merit was solely a function of the cement retaining its 
adhesive property. 

4. Discussion 

Cell attachment is well documented for both plants and 
animals. This information has come from studies on the 
interactions between cell types of a single species as well 
as from combinations (symbioses) involving two or 
more species (GRtNNELL 1978, MARCHASE et aI. 1978, 
TURNER 1978, DAZZO 1980, HARRmONand CHESTERTOY 
1980, REISERT 1981). Many of these studies examined 
molecular aspects of cell recognition phenomena. In 
most cases attachment is obligate for continued 
development and has a profound influence on the 
subsequent physiology and morphogenesis of the 
partners. 
We have demonstrated that the hairs which grow from 
the apex of the developing haustorium of Agalinis play 
an important role in attachment. They are the first to 
contact a host, and show modifications (from typical 
root hairs) that participate in the formation of a 
structural bond with the host root surface. Only a few 
authors have mentioned these hairs, and typically as 
part of broad anatomical studies, (CI~uayo and HEK- 
KARD 1971, DOBBINsand KUIJT 1973 a, MUSSELMANand 
DICKISON 1975, KUIJT 1977). WEBERand UHLARZ (1976) 
described hairs on the haustoria of Pedicularis rostrato- 
spicata (Scrophulariaceae) which appear to clasp the 
host root. This is similar to what we have 
found for Agalinis (Figs. 4 and 10). ATSATT and 
M USSELMAN (1977) reported a mucilage-like material 

covering the root system of Orthocarpus purpurascens 
(Scrophulariaceae) grown in agar culture, and speculated 
on its origin and relationship to other anomalous 
secretions in parasitic flowering plants. Since attached 
haustoria were not examined these authors did not 
suggest any role for the hairs or the mucilage-like- 
material in attachment. 
Many investigators have reported on the occurrence of 
a secreted mucilaginous layer associated with the root 
epidermis and especially the root cap (e.g., ROUClER 
I981; and references therein). This root slime or 
"mucigel" (JENYYand GROSSENBACHER 1963) is composed 
chiefly of an acidic polysaccharide, most likely a pectic 
c o m p o u n d  (HARRIS and NORTHCOTE 1970, GREAVES 
and DARBYSHIRE 1972, WRIaI~T and NORTHCOTE 1974, 
PAULL et al. 1975), and has been implicated in binding 
of soil particles and microorganisms (JENNY and 
GROSSENBACHER 1963, DAZZO 1980, HINCH and CLARKE 
1980). Our studies indicate that the haustorial hairs of 
Agalinis purpurea also secrete extracellular non-cel- 
lulosic polysaccharldes which are important in at- 
tachment. Our findings, through not conclusive proof, 
suggest that the cementing substance is composed of 
alkali labile polysaccharides and can, therefore, be 
broadly classified as hemicellulose. This is significant in 
view of the work of LAPP and SKOROPAD (1978) in which 
these authors concluded that hemicellulose is responsible 
for the adhesion of appresoria of the fungus Colletotrichum 
graminicola. Our finding that hemicellulose, rather 
than pectin, may be the functionally significant 
component of the adhesive papillae also serves to 
emphasize the specialized synthetic nature of the haus- 
torial hairs. It will therefore be important to make a 
more qualitative determination of the composition of 
the cementing material. However, this material is too 
diffuse and too slight in quantity to permit the ap- 
plication of current chromatographic and spectro- 
graphic methods. 
The cementing substance is visualized as an extracel- 
lular, papillate coating over the surface of most haus- 
torial hairs (Fig. 4) and occasionally the haustorial 
apex. The latter case is quite variable in its occurrence, 
and typically functioned much later in the attachment 
sequence prior to penetration. At the parasite-host 
interface the papillae become compressed into a reticulate 
pattern much as drops of an adhesive would respond 
when pressed between two surfaces (Figs. 6-9). The 
papillate morphology is not an artifact of specimen 
preparation for the SEM, because papillae were observed 
on non-coated as well as freeze-dried haustoria. 
Functional specialization of the haustorial hairs is an 
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interesting finding and their potential role in host 
penetration seems clear. The observation that hairs of 
detached haustoria retain portions of the host surface 
(or tear away from the haustorium and remain attached 
to the host) indicates that these hairs are securely 
bonded to the host (Figs. 8 and 9). Also, the continued 
growth of attached hairs along the host root surface 
would serve to increase the effective surface area 
involved in adhesion (Figs. 2 and 10). As a result hair 
attachment secures the haustorium firmly to the host 
surface reinforcing the subsequent thrust of the 
penetrating endophyte (haustorial wedge). Also, soil 
surrounding the roots may participate as an additional 
stabilizing factor during host penetration. 

During the pre-contact stage growth is characterized by 
an increase in cell size and number, and the haustorium 
is principally a parenchymatous organ with minimal 
internal differentiation. One exception to this is a group 
of densely protoplasmic cells which occupy the haus- 
torial apex during this period (BAIRD and RIOPEL 1983). 
Development of hairs also continues. In our experiments 
haustoria attach in significant numbers by 12 18 hours 
post-induction and reach a maximal level of attachment 
efficiency by 36 hours. Haustoria 60 hours or older no 
longer attach when placed in contact with a host 
(Table 5). 
In view of the continued growth of haustoria, the 
restriction of attachment competency to such a short 
period of time was not expected. We have also observed 
that dislodged haustoria can readily reattach with high 
frequency at ages when unattached haustoria cannot 
(Fig. 6). In effect, one influence of attachment is to 
prolong the period of attachment competency. 
The precise cellular changes that characterize the pre- 
and post-contact period are not well defined. Our 
studies with Agalinis emphasize that host contact is an 
important developmental signal required to sustain 
haustorial differentiation and promotes within this 
organ cellular events, releated to host attachment and 
penetration, that would otherwise not occur. For  
example, in Agalinis host attachment results in the 
continued production of adhesion papillae on developing 
hairs. Comparing Tables 4 and 5 with Fig. 5 shows that 
changes in attachment competency correlate well with 
those for the production of papillate hairs. As at- 
tachment efficiency increases with haustorial age, the 
total number of haustorial hairs as well as the percent of 
these hairs which have papillae also increases. Similarly, 
the marked reduction in attachment efficiency for 
unattached haustoria 60 hours and older is accompanied 
by a decrease in the percent papillate hairs per haus- 

torium. This is in contrast to attached haustoria where 
the percent of papillate hairs is maintained at a constant 
level over the 24- to 72-hour post-induction period. 

We conclude that the development of the haustorium in 
Agalinis is influenced by at least two exogeneous 
signals. The first is a recognition event in which the 
parasite root receives a precise chemical stimulus from 
the host (RIovEL and MUSSELMAN 1979, LYNN et al. 

1981, STEVFENS et al. 1982). This sets in motion the 
initiation of the haustorium which reaches attachment 
competency in less than 24 hours. Without a second 
stimulus (tactile or chemical?) from the host, dif- 
ferentiation of the haustorium is arrested and onto- 
genetic changes characteristic of the penetration stage 
do not occur; although growth continues slowly for 
about a month. With contact and adhesion the haus- 
torium shifts to the host penetration mode. Unlike the 
initiation signal, host attachment, though important to 
complete haustorial maturation, is not a discriminating 
event. The attachment surface is not required to 
convey, nor does the haustorium recognize, any specific 
chemical or physical information in order to effect 
attachment. 

It should be emphasized that Agalinis purpurea has a 
broad host range (Table 1). The relevance of these 
findings for plants like Striga and Orobanche, which 
show distinct host preferences, is not known. It remains 
possible that in these more evolved host-recognition 
systems both the attachment and penetration stages 
will be discriminatory. 
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