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Abstract: T h e  h is topa tho logy  of two popu la t i ons  of "arisodera hydrophila W o n t s  and  Sher, 
1971 was e x a mi ned  on Salix lasiolepis Eenth .  (willow), Populus /remontii Wats.  (cottonwood), 
and  Lyonothamnus floribundus ( ;ray (ironwood) us ing  l ight  microscopy as well as s cann ing  
and  t ransmiss ion  electron microscopy.  Sarisodera hydrophila induces  fo rmat i tm of a single 
un inuc lea te  h ype r t roph i ed  cell (giant  cell) which  varies only  sl ightly a m o n g  t he  three  hosts. 
T h e  g ian t  cell is enclosed by the  root  stele anti contacts  ph loem,  vascular  c a m b i u m ,  and  xylem. 
T h e  single hype r t roph ied  nuc leus  of the giant  cell is amebo id  or lobula te  in shape,  general ly  
with a single nucleolus.  T h e  cell is character ized by a wall which is separa ted  into two dis t inct  
regions abou t  2 #m and 13 # m  thick; the  thicker  region occurs ad jacen t  to the  nemato t te  
head.  Cell wall ingrowths ,  such as those associated with hos t  responses to cer ta in  o ther  plant-  
parasi t ic  nematodes ,  were not  observed in g ian t  cells induced  by S. hydrophila. However,  a 
h igh  f requency of p i t  fiehts with p l a smodesma ta  occurred in the  t h inne r  por t ion  of the  cell 
wall which is ad jacent  to vascular  e lements .  Roots of the  three  hosts  s imul taneous ly  infected 
with S. hydrophila and Meloidogyne sp. resul ted  in ad jacent  responses  characteris t ic  of each 
nematode ,  suppor t i ng  the  view tha t  the  specific type of  host  response is a func t ion  of the  
nema tode  ra the r  t han  the  host.  T h e  vary ing  expressions of hos t  responses a m o n g  Heteroderoidea  
may  be useful  in test ing c tmgruency with exis t ing in te rpre ta t ions  of phylogeny.  Key words: 
Heteroderoidea ,  h is topathology,  syttcytium, un inuc l ea t e  g ian t  cell. 
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Heteroderoidea, specifically Heterodera 
Schmidt, 1871 sensu lato and MeIoidogyne 
Goldi, 1892 have been considered to have 
the most complex host-parasite relationship 
among plant parasitic nematodes. They  in- 
duce specialized cells which sustain seden- 
tary feeding parasitic stages (1,9,10,13,16, 
20,41). These responses to Heterodera and 
Meloidogyne have been examined on nu- 
merous host species (5,6,10,15,16,21,31,41). 
However, the basic histopathology is similar 
among plant species but  varies among nema- 
tode genera. 

Terminology to refer to host reactions 
induced by members of Heteroderoidea 
generally has been inconsistent, but  we have 
selected to use the nomenclature described 
by Bird (6). Thus,  Heterodera induces for- 
mation of a syncytium which is defined 
a s  a multinucleate mass of protoplasm 
formed by fusion of uninucleate cells; usu- 
ally this is accompanied by cell wall disso- 
lution. On the other hand, Meloidogyne 
typically induces the formation of a coeno- 
cyte which is a mult inucleate mass of proto- 
plasm formed by repeated nnclear division, 
without  formation or dissolution of cell 
walls (17,20). Some researchers have sug- 
gested that cell wall dissolution and cell fu- 
sion are also induced by Metoidogyne (3,4,7, 
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11), resulting in a combination coenocyte- 
syncytium. Host responses for both 
Meloidog'yne and Heterodera have been 
considered to be nematode-induced transfer 
cells, because of the presence of cell wall 
ingrowths involved in short distance solute 
transport (22,23,24). Hylonerna ivorense 
Luc et al., 1978 indttces the formation of 
a single tminucleate hyper t rophied cortical 
cell which may be termed giant cell, accord- 
ing to the definition by Bird (6). However, 
no information regarding the possible pres- 
ence of cell wall ingrowths in tile single 
tminucleate giant cell of Heteroderoidea is 
yet available. 

Th e  variation in histopathology among 
genera of Heteroderoidea emphasizes the 
need to characterize the type of host re- 
sponse induced by members of genera which 
have not yet been examined; these charac- 
te~:izations are also needed to determine if 
the pattern exhibited by histological re- 
sponses among Heteroderoidea is congru- 
ent with existing interpretations of phylog- 
eny. We selected to first examine responses 
of Sarisodera hydrophila Wonts and Sher, 
1971 from the type locality on one host, a s  

well as a populat ion from Santa Cruz Is- 
land, California, on two hosts. 

M A T E R I A L S  AND M E T H O D S  

Roots of Salix lasiolepis Benth. (willow), 
and Populus ]remontii Wats. (cottonwood) 
infected with various development  stages 
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of S. hydrophila were collected at the type 
locality, 12 miles east of Temecula,  Cali- 
fornia. In addition, infected roots of 
Lyonothamnus floribundus Gray (ironwood) 
were collected at Santa Cruz Island. Roots 
of each of the three hosts also had galled 
regions infected with Meloidogyne spp., 
and these were collected to process for com- 
parison. (Preliminary observations of these 
populations of Meloidogyne suggest that 
they may be undescribed new species.) T h e  
roots were processed for histological exami- 
nation, including bright field and Nomarski 
interference light microscopy (LM) as well 
as scanning (SEM) and transmission (TEM) 
electron microscopy. 

Root  pieces for bright field LM were 
fixed in 3.0% formaldehyde for 24 h, fol- 
lowed by rinsing in distilled water and de- 
hydrat ion in a graduated ethanol and N- 
butyl alcohol series (19). Root pieces were 
oriented and embedded in Paraplast-Plus 
tissue embedding medium. Sections about  
10 t~m thick were cut, mounted on glass 
slides, and stained with safranin and fast 
green (2). 

Root  pieces were fixed for Nomarski 
interference LM in 3.0% glutaraldehyde in 
0.025 M phosphate buffer at pH 7.2. After 
rinsing in buffer, the pieces were dehydrated 
in a graduated acetone series and embedded 
in Spurr's resin (38). Sections (2 ~tm) were 
cut with glass knives using a Porter  
Blum MT-2B ultramicrotome. They  were 
mounted on glass slides coated with Haupt 's  
solution, and observed with Normarski in- 
terference optics; some slides were stained 
with 1.0% toluidine blue in 1.0% sodium 
borate. 

Root pieces were fixed for SEM in 2.0% 
glutaraldehyde in 0.025 M phosphate buffer 
at pH 7.2 for at least 12 h. Specimens were 
then washed in buffer and postfixed in 
2.0%osmium tetroxide (OsO4) for 2 h. After 
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rinsing in distilled water, the tissue was 
dehydrated in a graduated acetone series. 
Roots were split in longitudinal and cross 
sections with a clean sharp razor blade 
under the dissecting microscope to expose 
feeding sites of the nematodes. Addit ional  
segments were treated to reveal inner cell 
wall structure by using cytoplasm diges- 
tion techniques modified from Kinden and 
Brown (29) and Jones and Dropkin (27). 
Following postfixation in osmium tetroxide 
and rinsing, specimens were placed in 1.0% 
aqueous periodic acid for 2 min and rinsed 
five times in distilled water during a 10- 
rain period. T h e  specimens were then 
placed in aqueous 4.0~o potassium hydrox- 
ide (KOH) for: about  30 min at 55 C, 
washed in distilled water, and transferred 
to 1.0% acetic acid for 5 rain. After rinsing 
with distilled water for 10 rain, the sam- 
pies were re turned to osmium tetroxide for 
3 h for further hardening. Nondigested 
and digested specimens were critical point 
dried using carbon dioxide; sputter-coated 
with 20 nm gold-palladium and examined 
with a J E O L  JSM-35C scanning electron 
microscope at 15 KV. 

Tissue was prepared for transmission 
electron microscopy (TEM) as for Nomarski 
interference LM except that following fixa- 
tion in glutaraldehyde tissue was postfixed 
in 2% osmium tetroxide as for SEM. T h i n  
sections were mounted  on fomvar coated 
grids, stained with uranyl acetate and lead 
citrate (40), and examined with a Hitachi 
H-600 transmission electron microscope. 

RESULTS 

Sarisodera hydrophila induces formation 
of a single uninucleate hyper t rophied cell 
(giant cell) with similar responses between 
populat ions examined and among willow, 
cottonwood, and ironwood (Figs. 1, 2, 3). 
T h e  following description of the host re- 
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Fig. 1-5. Transverse sections through roots infected with Sarisodera hydrophila (unless indicated 
otherwise) and Meloidogyne sp. 1) Bright field LM of willow showing giant cell (GC) and adjacent 
nematode (Ne). C = cortex, P = phloem, X = xylem. 2) Bright field LM of ironwood showing a giant 
cell (GC) with adjacent nematode (Ne). C = cortex, P = phloem, X = xylem. 3) Enlargement of giant 
cell from section adjacent to that in Figure !, including large nucleus (N) with single nucleolus (Nu) 
adjacent to thick portion of the cell wall (Tk). Arrowhead indicates minute interruption in cell wall. 
V = vacuole. 4) Nomarski interference LM of nucleus (N) including an enlarged nucleolus (Nu). 5) 
Nomarski interference LM stained with toluidine blue, of willow showing cluster of giant cells (GC) 
induced by Meloidogyne sp. I = ingrowths. 
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sponse focuses on willow but  applies to all in the roots (Fig. 6). In  some cases, the 
responses with exceptions being noted, nematodes occurred under  the cortex and 

Surface observations of roots infected were not noticeable unless the cortex was 
with S. hydrophila showed yellowish-white removed (Fig. 7). No external  symptoms, 
sedentary females partially entbedded with- such as galls and /o r  necrotic lesions, were 

Figs. 6-10. SEM of Sarisodera hydrophila and infected willow roots. 6) Female (Ne) embedded ill 
root. 7) Longitudinal section of root with female (No) under cortex (C) and adjacent to giant cell 
(GC). 8) Transver~" ~,ction of root, with two giant cells (GC) adjacent to xylem (X) and phloem (P). 

9) Giant  cell (GC) with thick cell wall (Tk) adjacent to nematode head (Ne). 10) Internal  surface 
e)f giant cell wall showing perforations (Pe). 
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evident. In contrast, roots infected with 
Me[oidogyne spp. had galls and egg masses 
typical of root-knot infection. 

Sections revealed that S. hydrophila 
establishes a feeding site at the internal  
boundary of the cortex; as the cell where it 
initiates the giant cell expands radially it 
becomes enclosed by tim root stele and 
contacts phloem and xylem (Figs. 1, 2, 8). 
Adjacent cells are compressed and distorted 
as a result of enlargement of the giant cell; 
however, no hyperplasia or hyper t rophy 
in surrounding tissues was observed. Only 
one giant cell occurs per female, although 
two or more adjacent females may result 
ill giant cells close to each other (Fig. 8). 
Giant cells vary in size from approximately 
100 to 300/~m long and 70 to 200/ ,m wide 
and are shaped from ovoid to irregular. 
Some variations may be host specific; for 
example, cottonwood has a tendency to 
have larger and more irregularly shaped 
giant cells. 

The  most conspicuous feature of the 
giant cell is the cell wall. Two  distinct re- 
gions occur, one of which has extreme thick- 
cuing (TkCW) and varies from 12 to 15/,m 
wide (Figs. 3, 9) and another  more inter- 
nal region which is about 2 /,m wide. Ti le  
T k C W  contacts phloem and cork cells and 
occurs on the side of the cell adjacent to 
the nematode (Figs. 1, 2, 3, 9, 11). The  in- 
ternal surface of the T k C W  is irregularly 
thickened (Fig. 3); however, no cell wall 
protuberances or boundary formations were 
observed with LM, SEM, or T E M  (Figs. 3, 
9, 10, 12, 13, 14). The  T k C W  is composed 
of microfibrils and is continuous with walls 
of adjacent dead cork cells (Fig. I1). T h e  
thinner part of the wall generally includes 
an inner layer of microfibrils similar to 
those of the T k C W  (Fig. 14). Transverse 
sections indicate interruptions in the wall 
and connections between cytoplasm of the 
giant cell and adjacent vascular tissue (Fig. 
3). These interruptions appear as perfora- 
tions with SEM and are elucidated with 
T E M  to be primary pit fields with numer- 
ous plasmodesmata which connect cyto- 
plasm of giant ceils with adjacent xylem 
and phloem elements (Figs. 12, 13, 15, 16); 
these pit fields do not appear to differ from 
those between adjacent phloem cells. 

During the first stages of giant cell de- 

velopment, cytoplasm is optically dense and 
granular. As the nematode and cell mature,  
small vacuoles, plastids, mitochondria,  and 
rough endoplasmic ret iculum are abundant  
(Figs. 14, 17, 19, 20, 21). Eventually the 
cell is dominated by a large central vacuole 
and other organdies  are restricted to the 
periphery. Plastids are particularly abun- 
dant  around the nucleus; they are electron 
dense and may contain lipid (Figs. 17, 21). 
Mitochondria and rough endoplasmic retic- 
ulun~ appear normal and are distr ibuted 
throughout  the cytoplasm (Figs. 14, 19, 20). 
Th e  nucleus of tile giant cell is about  .'40- 
60/~m ill diameter and is ameboid or lobu- 
late ill shape (Figs. 4, 17). Generally, a 
given nucleus includes one enlarged elec- 
tron-dense nucleolus, b u t  in some cases two 
or more nucleoli are present (Figs. 17, 18). 
Nucleoli may be either adjacent or sepa- 
rated, and frequently they include small 
electron-lucent regions (Figs. 17. 18). 

Root sections of willow, ironwood, and 
cottonwood infected with Meloidogyne spp. 
showed a host response typical for the nema- 
tode genus, including a cluster of multi- 
nucleate cells, rI'oluidine I)lue stained a 
"fringe" on the internal  surface of the cell 
walls indicating typical wall ingrowths (Fig. 
5). 

DISCUSSION 

Sarisodera and Heterodera sensu lato are 
considered by some taxonomists to comprise 
Heteroderinae,  primarily because they share 
the ability to form cysts (37,42). However, 
the present study suggests striking differ- 
ences regarding the means by which each 
group subjugates its host to sustain feed- 
ing. T h a t  is, Sarisodera sp. induces a single 
uninucleate giant cell (SUGC) whereas 
Heterodera sensu lato results in a syncytium 
(32). Th e  distinct response induced by 
Sarisodera sp. is consistent on the three 
hosts examined. Similarly, Heterodera sensu 
faro, invariably is associated with a syncy- 
t ium throughout  its host range (12,13,20, 
25,31,33,36). Thus,  the specific type of host 
response apparently is a function of the 
nematode rather  than the host. This  view 
is further  supported by observations of a 
consistent host response among three hosts 
infected with Hylonerna. ivorense (39). 
Jones and Dropkin (26) observed that spe- 
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cies of Meloidogyne, Heterodera, and Roty- 
lenchulus induce distinct responses on the 
same host and proposed that init iation of 
each response is determined by the nema- 
tode through introduction of specific com- 
pound(s) and withdrawal of cytoplasm. 
Similarly, we have shown that plant roots 
simultaneously infected with Sarisodera sp. 
and Meloidogyne sp. resulted in adjacent 
responses characteristic of each nematode. 
These observations support  the view that 
cell modifications induced by Sarisodera 
sp. are nematode specific. 

T h e  induction of a SUGC is not unique 
to Sarisodera but occurs among other 
Heteroderidae including Hylonema (39), 
as well as Meloidodera and Cryphodera 
(Mundo-Ocampo and Baldwin, unpub- 
lished observations). Whereas these cells are 
fundamental ly similar with respect to the 
uninucleate condition, they differ in details. 
For example, the SUGC of Sarisodera, un- 
like Hylonema, is characterized by the 
TkCW,  and the giant cell of Sarisodera is 
not associated with adjacent necrotic tissue. 

Studies of host responses to sedentary 
nonheteroderids, including Nacobbus spp. 
and Rotylenchulus spp., allow for addi- 
tional comparisons with Sarisodera sp. Al- 
though Nacobbus spp. induce a syncytium 
in the several hosts examined (28), it re- 
sembles the SUGC of Sarisodera sp. in cer- 
tain respects. For example, wall ingrowths 
are absent, but pit fields with numerous 
plasmodesmata occur between the syncy- 
tium and adjacent vascular elements. Roty- 
lenchulus macrodoratus Dasgupta et al., 
1968 induces in soybean and oak a SUGC 
which resembles that of a Sarisodera but 
differs by the absence of a thickened por- 
tion of the cell wall (TkCW) and the pres- 
ence of wall ingrowths (8). On the other  
hand, Rotylenchulus reni[ormis Linford 
and Oliveira, 1940 induces a syncytium in 
the same hosts (35). 

The  most conspicuous feature of the 
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SUGC induced by Sarisodera sp. is the re- 
markable deposition of wall material  
(TkCW) adjacent to the nematode head. 

T h e  material is fibrous and its chemical 
structure probably includes pectins and 
hemicellulose (25,34). T h e  position of the 
material suggests that it is a defense re- 
sponse to stylet penetration. Th e  remaining 
portion of the cell wall has periodic regions 
which are particularly thin (i.e., pit fields); 
wall ingrowths are absent. This  is in con- 
trast to the abundant  ingrowths for in- 
creased transport of solutes in transfer cells 
associated with other nematodes (20,25). 
T h e  presence of ingrowths in cells modified 
by Meloidogyne Oll willow, cottonwood, 
and ironwood and their absence in the 
same hosts in cells modified by Sarisod'era 
suggests that occurrence of ingrowths is 
determined by the nematode rather  than 
the host. T h e  pit fields in SUGC of Sari- 
sodera have a high frequency of plasmo- 
desmata which are adjacent to vascular 
tissues. Jones (21) notes that this arrange- 
ment provides a pathway for transport of 
solutes from vascular tissue to giant cells. 

Cytoplasmic modifications observed in 
tile SUGC of Sarisodeq'a sp. are similar to 
those observed for host responses of other  
sedentary nematodes, including the pres- 
ence of numerous plastids, mitochondria,  
and rough endoplasmic ret iculum (16,20, 
21). Th e  enlarged single nucleus in the 
SUGC of Sarisodera sp. resembles that of 
Hylonema sp. and R. macrodoratus. No in- 
formation is available regarding the mech- 
anism of enlargement of the nucleus, al- 
though Cohn and Mordechai (8) suggest 
that mitotic stimulation is absent in the 
SUGC induced by R. macrodoratus. 

Hypotheses of phylogeny of Hetero- 
deridae can be tested by the discovery of 
new characters that occur in varying states 
among members of the group.. We have 
considered that the character "host re- 
sponse" is expressed as a SUGC, cluster of 

X\\\\ 
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Figs. 11-16. TEM of giant cell wall in willow roots infected with Sarisodera hydrophila. 11) Thick 
cell wall (Tk) composed of microfibrils (Mf). CoC = cork cells. 12) Thin part of wall adjacent to 
vascular cells (VC) showing pit fields (PF). M = mitochondria, V = vacuoles, P1 = plastids. 13) Thin 
part of wall of giant cell (GC) and wall between two vascular cells (VC) showing pit fields (PF). 14) Thin  
part of cell wall with layer of microfibrils (Mr) adjacent to giant cell plasmalemma (Pm). RER = 
rough endoplasmic reticulum. 15) Enlargement of plasmodesmata (Pd) in pit field. 16) Pit field be- 
tween giant cell and vascular cell (VC). Arrowheads indicate sites of plasmodesmata. 
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Figs. 17-21. TEM of organelles of giant cell induced by Sarisodera hydrophila in willow roots. 17) 
Portion of enlarged nucleus (N) with electrf~n dense nucleolus (Nu). M = mitochondria,  PI = plastids, 
V ~ vacuoles. 18) Pair of adjacent nucleoli (Nu). 19) Cytoplasm including vacuoles (V), plastids (PI), 
and rough endoplasmic reticulum (RER). 20) Mitochondria (M) and rough endoplasmic reticulum 
(RER) adiacent Io plasmalemma (Pro). 21) Enlargement of plastid (PI). 
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m u h i n u c l e a t e  g ian t  cells, or  syncyt ium.  
U t i l i z a t i o n  of these three  charac ter  states 
in i n t e r p r e t i n g  phy logeny  requ i res  tha t  
they each be a func t ion  of  the n e m a t o d e  
(i.e., not  a l te red  wi th  the  host); we have  
no ted  evidences in suppor t  of this hypothe-  
sis. T h e  express ion  of a u n i n u c l e a t e  g i an t  
cell by Meloidodera spp., Cryphodera sp. 
( M u n d o - O c a m p o  and  Baldwin ,  u n p u b l i s h e d  
observat ions) ,  Hylonema sp. (39), a n d  Sari- 
sodera sp. versus a syncyt ium in Heterodera 
spp. sensu lato is no t  i n c o n g r u e n t  wi th  the 
hypothesis  of phy logeny  of H e t e r o d e r i d a e  
ind ica ted  by a c l adogram proposed  by Ferris  
(14). However ,  congruency  assumes the ca- 
paci ty to form a syncyt ium,  to be the de- 
r ived  state. Ev idence  for or  against  this 
a s sumpt ion  m i g h t  be ga ined  t h r o u g h  nema- 
tode-host  d e v e l o p m e n t  studies or  o u t g r o u p  
comparisons .  T h e  c l a d o g r a m  indica tes  
Sarisodera and  Heterodera sensu lato as 
der ived  f rom a c o m m o n  ancestor,  p r imar i l y  
because they share the abi l i ty  to form cysts 
(14). A l t h o u g h  some inves t iga tors  (18,30, 
42), suggest that  cysts of  the two g roups  
arose i ndependen t ly ,  ev idence  c o m p a r i n g  
the specific na tu re  of the two cysts is no t  
yet avai lable ,  i f  a d d i t i o n a l  shared der ived  
characters  are discovered,  a c o m m o n  an- 
cestry wou ld  be suppor ted ;  on this basis 
we suspected p r io r  to this s tudy tha t  Sari- 
sod¢wa w o u l d  p roduce  a syncyti t tm s imi lar  
to tha t  of Heterodera sensu Iato. However ,  
the host  response to S. a[ricana also needs 
to be exant ined ,  pa r t i cu la r ly  since re la t ive  
to S. hydrophila, i t  shares a n u m b e r  of 
character is t ics  wi th  cer ta in  Heterodera spp. 
E x a m i n a t i o n  of host  responses of species of  
ad d i t i ona l  genera,  i n c l u d i n g  Atalodera, 
Thecaverrniculatus, DoIichodera, and  Veru- 
tus, will  fu r the r  eh tc ida te  the usefulness of  
host responses in c o n j u n c t i o n  w i t h  o the r  
characters  for i n t e r p r e t a t i n g  phy logeny  of 
H e t e r o d e r o i d e a  anti, specifically, the rela- 
t i onsh ip  be tween  Sarisodera and  Heterodera 
sensu lato. 
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