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Ditylenchus dipsaci Infestation of Trifofium repens. Ih 
Dynamics of Infestation Development 

G. S. GRIFFITH, R. CooK, AND ~ A. MIZEN 2 

Abstract: Trifolium repens (white clover) stolons were inoculated with Ditylenchus dipsaci (stem nema- 
tode), and the development of resulting infestations was monitored. Nematodes initially remained 
confined to superficial locations, concentrating in petiole axils near inoculation points. They were able 
to migrate slowly from the inidal inoculation points and infest adjacent axils, especially in regions near 
the stolon tip. As time progressed, in some axils, nematodes migrated through the stolon epidermis and 
colonized slowly expanding subepidermal pockets of host tissue (ca. 0.2-ram length of stolon/day). In 
these loci nematodes established exponentially increasing populations, but the rates of locus expansion 
remained constant, indicating that locus expansion was limited by unidentified host-dependent factors. 
As a result of increasing population pressure within subepidermal loci, J4 entered a "diapause" state 
and the rate of egg production by adults declined, thereby reducing rate of population growth to more 
sustainable levels. Typically, these populations peaked at ca. 10,000 individuals in ca. 160 days occupying 
3-cm lengths of stolon. Thereafter, heavily infested regions of stolons started to die, leading to the 
formation of longitudinal splits in their epidermis. In other axils, nematodes did not migrate into the 
stolons but remained confined to axils. Some of these populations increased a hundred-fold in 95 days, 
with population growth ending when petioles started to die. Host plant stolon morphology was affected 
only when subepidel~lal stolon populations developed high population levels (MOO nematodes) within 
close proximity (<2 cm) to active terminal meristems. This occurred either when axillary buds became 
active on previously infested nodes or when nematodes established endoparasitic populations at loca- 
tions near the stolon tip during winter and spring, when the rate of stolon extension ~was limited by low 
light intensity. Affected stolon tips could "escape" from the influence of such infestations when light 
intensity and temperature increased. Nematode activity was limited by low temperature rather than light 
intensity. Global warming is likely to lead to greater damage to infested plants during the winter and 
early spring because the predicted milder winter temperatures will enhance nematode activity- but not 
necessarily promote stolon growth. 

Key wards: behavior, clover, Ditylenchus difosaci, host-parasite relationship, nematode infestation, popu- 
lation dynamics, stem nematode, Trifolium repens. 

DityIenchus dipsaci (K/ihn) Filipjev (stem 
nematode)  is a widespread and damaging 
pest of Trifolium repens L. (white clover) in 
the United Kingdom and o ther  temperate  
regions of  the world (Cook et al., 1992b; 
Cook and Yeates, 1993). White clover, a pe- 
rennial  legume, is a f requent  componen t  of  
the grassland swards that provide the basis 
for  ruminant  livestock industries in these re- 
gions. The  mature  plant  is composed  of  
hor izonta l  stems (stolons), which bear  a 
petiole, axillary bud, and root  pr imordium 
at each node  (Thomas, 1987). The  node  
and axillary bud are enveloped in a tubular 
leaf sheath that terminates distally as a stipu- 
lar tube. A node  is considered mature  if 
its petiole bears a fully o p e n e d  trifoliate 
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lamina. Mature nodes are refer red  to se- 
quentially in a proximal direction from the 
first mature node at the terminal (distal) 
end of  the stolon (referred to as node  1). 
Axillary buds can give rise to flowers or lat- 
eral branches (secondary stolons), or re- 
main inactive. Axillary buds on secondary 
stolons can give rise to tertiary stolons. 

Symptoms of  attack by D. dipsaci include 
hyper t rophy and stunting of  infested lamina 
and petioles, shortening and hyper t rophy of  
infested internodes,  and abnormal develop- 
men t  of stolon and petiole epidermis (Cook 
and  Yeates, 1993). The  life cycle of  the 
nematode  has been studied in detail (Grif- 
fith et al., 1997; Yuksel, 1960). Developing 
juveniles go through a series of  four  molts 
before becoming adults. The  first-stage juve- 
niles molt  in the egg and emerge as second- 
stage juveniles. Rates of  deve lopment  are 
linearly related to temperature,  the basal de- 
velopmental  t empera ture  being ca. 3 °C. 
The thermal  constant for development  of 
gravid females f rom freshly laid eggs was 



ca. 270 accumulated day-degrees above the 
basal developmental  tempera ture  (Griffith 
et al., 1997). Rates of  egg product ion  by the 
nematode  are also temperature-dependent ,  
ranging from 0.8 to 3.1 eggs per  female per  
day at 10 and 20 °C, respectively (Dijkstra, 
1957). 

Damage to infested white clover plants is 
particularly severe in spring after mild win- 
ters (Cook et al., 1992a). It has been hypoth- 
esized that this is a consequence  of  stem 
nema tode  activity cont inuing when white 
clover is inactive due to low temperatures  
and  l ight  in tens i ty  (Sackvi l le-Hamil ton,  
1990). Because of  this, it has been suggested 
that the changes in mean annual  tempera- 
tures due to global warming may lead to an 
increased impact and incidence of  the dis- 
ease. The  pr imary  aim of  this study was 
to elucidate and quantify the under lying 
mechanisms and sequence of  development  
o f  ne ma tod e  infestations in white clover 
plants. This information was required for 
the development  of  a predictive simulation 
model  of  the host-nematode system. 

MATERIALS AND METHODS 

Development of stem nematode infestation: 
Cut t ings  were  t aken  f r o m  suscep t ib le ,  
healthy white clover plants cv. $184. Each 
cutting was the distal port ion of  an actively 
growing stolon severed f rom the pa ren t  
plant at in ternode  3. Cuttings were rooted 
in tap water, planted in compost, and trans- 
ferred to a growth room with a day-night 
tempera ture  cycle of  18 to 15 °C. After 12 
days, I00 established cuttings were repot ted  
singly into 9.5-cm-diam. plastic pots filled 
with 50:50 loam-peat mix and grown for 16 
days in a glasshouse. The  pots were then 
placed in boxes (30 x 46 x 20 cm) filled with 
50:50 loam-peat mix, and all but  one  of  the 
stolons on each plant  were removed. Re- 
main ing  pr imary  stolons were grown in 
straight lines over the soil surface for the 
next  30 days, when the position and length 
of  all internodes and the condit ion of  asso- 
ciated axillary buds and petioles were re- 
corded. 

Stem n e m a t o d e - i n f e s t e d  whi te  c lover  
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plants were co l lec ted  in mid -Sep tember  
f rom a f e l d  at IGER, Aberystwyth, United 
Kingdom (O.S. reference SN 624838). This 
plant material was washed and cut up finely, 
and the nematodes  extracted on a mistifier 
( H o o p e r ,  1986). T h e  suspens ion  o f  ex- 
tracted nematodes  was concentrated,  trans- 
ferred to a tilted petri  dish, and allowed to 
settle. Adult and J4 D. dipsaci were pipetted 
and washed in several changes of  sterile tap 
water to remove traces of  plant phenolics. 
Finally, they were resuspended in 100 ml 
sterile tap water and stored in the dark at 
2 °C. 

The volume o f  the inoculum suspension 
was reduced  to 10 ml and air was bubbled 
through it to ensure even mixing and good 
aeration. Ninety 10-pl aliquots were then re- 
moved, and the n u m b er  and identity of the 
nematodes  in 10 o f  these droplets assessed. 
Each drople t  contained on average (stan- 
dard deviation) 42 (3.31) nematodes:  14 
males, 15 females, 8J4, and 5J2/J3.  Each of  
the 100 plants was assigned at r andom to 
one  of  three treatments: i) primary stolons 
i n o c u l a t e d  with a 10-pl d r o p l e t  p l aced  
among the stipular folds and undeveloped 
petioles surrounding the stolon tip, ii) as 1 
except  that the droplet  was placed within 
the stipule surrounding node  2, iii) uninoc- 
ulated control.  

After inoculation, all the boxes were cov- 
ered with polythene for 24 hours to increase 
humidi ty  and  prevent  inoculum droplets  
f rom drying too quickly. Boxes were watered 
twice weekly with 200 ml of  tap water per  
pot, taking care not  to allow water to over- 
flow onto  the surface of  the soil outside of  
the pots. Tempera ture  was recorded  at 60- 
minu te  intervals t h r o u g h o u t  the experi-  
men t  with thermocouple  probes distributed 
among the boxes. 

Plants were sampled 5, 20, 46, 95, and 186 
days after inoculation, when morphological  
characteristics of  seven randomly selected 
plants per  t rea tment  were measured.  Pri- 
mary stolons of  five of  these plants were cut 
off and fixed in 50% ethanol.  These were 
fur ther  analyzed by removing roots, cutting 
all stolons longitudinally, and staining them 
(Byrd et al., 1983). Each of  the stained sto- 
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Ion systems was dissected under  a stereomi- 
croscope, infested regions located, and the 
n e m a t o d e s  iden t i f i ed  to d e v e l o p m e n t a l  
stage and counted.  Dead nematodes,  recog- 
nizable by cuticle breakdown and disruption 
of  their  body contents,  were counted.  Ob- 
servations were made of  any plant symptoms 
associated with infestations. 

Statistical analyses were made  with SAS 
software (SAS Institute, Cary, NC). Due to 
the possibility of  correlations between vari- 
ates, MANOVA analyses were employed;  
where these indicated significant overall dif- 
f e rences  be tween  t rea tments ,  univar ia te  
ANOVAs and t-tests were per formed to con- 
firm the source of  these differences. Because 
of  the unbalanced nature of  the data sets, 
genera l  l inear  mode l s  p r o c e d u r e s  were  
adopted.  

Overall effects of  nematode  infestation on 
clover morphology were assessed as follows. 
For  primary stolons, morphological  variates 
(the num b e r  of  nodes, dead petioles per  sto- 
lon, active axillary buds per  stolon, and sto- 
lon length) were compared  for  each treat- 
ment  at each sampling time. Secondary sto- 
lons were divided into six batches according 
to their  origin: 1-prior to inocula t ion (0 
days), 2-between 0 and 5 days after inocula- 
tion, 3-5 to 20 days, 4-20 to 46 days, 5-46 to 
96 days, 6-96 to 186 days. Within each batch, 
morpho log ica l  variates at each sampling 
time were compared  to test for  differences 
b e t w e e n  the  s e c o n d a r y  s to lons  in five 
groups: i) stolons arising f rom treatment  3, 
ii) uninfested and iii) infested stolons aris- 
ing f rom t rea tment  1, iv) uninfested and v) 
infested stolons arising f rom treatment  2. 

Effects of  treatments 1 and 2 on infesta- 
tion development  were assessed at each sam- 
piing time by comparing number  of  infested 
axils per  plant, number  of  infested axils per  
plant associated with subepidermal infesta- 
tion loci within stolons, numbe r  of  infested 
axils per  plant  associated with dead petioles, 
and num b e r  of  infested axils per  plant asso- 
ciated with petioles expressing symptoms of  
stem nematode  attack. 

Infested regions of  plants were classed 
into two distinctive t3qaes, superficial loci and 
deep - sea t ed  loci, a c c o r d i n g  to w h e t h e r  

nematodes  had penet ra ted  the stolon epi- 
dermis at infested axils and colonized sub- 
epidermal pockets of  host tissue. For each 
locus type, six variates describing the nema- 
tode populat ion were compared  for experi- 
mental  treatments 1 and 2 at each sampling 
time. The six variates were number  of  eggs, 
n u m b e r  of  living nematodes ,  n u m b e r  of  
dead nematodes,  propor t ion  of adults, pro- 
port ion of  j2  and J3, and propor t ion  of  J4. 
Data for treatments 1 and 2 were combined 
and the populat ion characteristics of  the dif- 
ferent  locus types compared  at each of  the 
sampling times. 

Spread of stern nematode infestation between 
stolons: White clover cuttings were estab- 
lished in pots and grown for 30 days as de- 
scribed in the previous experiment.  Six pots 
were then sunk into the center  of  a box of  
soil mix and the boxes placed adjacent to 
each other  in a 2 x 3 rectangular array. All 
but  four  of  the stolons growing f rom each 
plant were removed and the remaining four  
primary stolons were grown in straight lines 
at right angles to each o ther  toward the cor- 
ners of  each box for 30 days. One of  the four  
primary stolons per  plant was then inocu- 
lated in the same way as in t reatment  1 of  
the previous exper iment .  Plants were wa- 
tered twice weekly by applying 800 ml of  wa- 
ter f rom overhead with a watering can, and 
were examined 225 days after inoculation. 
Each .box  was divided into six equal areas 
(190 cm 2) delimited by a regular rectangu- 
lar 2 x 3 grid. Stem nematode  symptoms on 
clover in each area were assessed and the 
number  of  affected axes recorded.  

RESULTS 

Development of stem nematode infestation: For 
primary and associated secondary stolons of  
uninocula ted  controls, all the in ternodes  
originally proximal to node  1 remained the 
same length, including 17 internodes origi- 
nally between nodes 1 and 2 for less than 3 
days and which were observed for 20 days or 
more. Thus, internodes ceased elongation 
after the trifoliate leaf arising f rom their  
proximal end had fully opened  (giving rise 
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to node  1). On  pr imary  control  stolons the 
m e a n  (+standard deviation) nodal  posit ion 
of  the first active axillary bud  at 0, 5, 20, 46, 
95, mad 186 days after inoculat ion was 2.4 -+ 
1.13, 1.9 +- 0.69, 2.3 -+ 0.49, 2.7 +_ 0.49, 4.1 _ 
1.07, and  4.7 + 3.04, respectively. 

Changes in the morphologica l  character-  
istics of  control  (uninoculated)  pr imary  sto- 
lons over t ime are shown in Fig. 1. Differ- 
ences between the morphologica l  character-  
istics of  these and  inoculated stolons (data 
no t  shown) were evident  only at 95 days 
(Wilks' Lambda  F-value = 4.15, df  = 12, P < 
0.01), when there was a difference between 
t reatments  in the n u m b e r  of  dead  petioles 
pe r  pr imary  stolon (F-value = 6.91, d f  = 2, P 
< 0.01). Primary stolons inoculated at node  
2 had  more  (P < 0.05) dead  petioles (8.4 + 
1.27) than those inoculated at their  tips (5.3 
+ 3.04) or  uninocula ted  (4.4 + 1.62). Differ- 
ences in morphologica l  characteristics be- 
tween g roups  o f  s econda ry  s tolons  were  
nei ther  consistent over t ime nor  clearly as- 
sociated with stern n e m a t o d e  infestation.  
Changes  over  t ime in the morpho log ica l  
characteristics of  secondary stolons are illus- 
trated by those of  ba tch  1, which arose f rom 
u n i n o c u l a t e d  p r i m a r y  s tolons  ( g r o u p  a) 
(Fig. 1). 

Despite the lack o f  effect o f  D. dipsaci in- 
festation on the overall morpho logy  of  pri- 
mary  or secondary stolons, a small n u m b e r  
of  the infested pr imary  and  secondary sto- 
lons did have regions of  abnormal  morphol -  
ogy associated with subepidermal  pockets o f  
colonized stolon tissue. In these stolons, in- 
t e rnode  lengths were shortened,  stolon di- 
ame te r  was increased, and  the outer  epider- 
mis was puckered  a n d / o r  distended. Such 
symptoms were observed only on stolon sys- 
tems derived f rom tip-inoculated pr imary  
stolons ( t rea tment  1). Eleven primary,  20 
secondary, and  15 tertiary stolons had  sub- 
epidermal  infestations, bu t  only 2, 8, and  15, 
respectively, had symptoms. Forty-six days af- 
ter inoculation, the mean  in te rnode  length 
in symptomless regions (10 + 4.3 mm,  N = 
17) was significantly greater  (t-test, P < 0.05, 
df  = 17) than in regions with symptoms (3.7 
+ 1.7 ram, N = 8). In te rnodes  t ended  to be  
longer  at 95 and  186 days after inoculat ion 

in symptomless regions (10 + 5.9 mm,  N = 3 
and  6.3 + 5.5 m m ,  N = 21) than in regions 
with symptoms (3.7 _+ 0.6 ram, N = 3 and  2.1 
+ 0.7 mm,  N = 15). In te rnode  shor tening 
associated with n e m a t o d e  infes ta t ion oc- 
cur red  only when  subepidermal  loci con- 
mined more  than 100 nematodes  in close 
proximity (center  of  the infestation locus 
within 20 mm)  to terminal  meris tems (Table 
1) in regions of  in te rnode  elongat ion (sto- 
lon region distal to node  1). 

The  point  at which stolons were inocu- 
lated had  no  effect on infestation develop- 
m e n t  except  at 20 days (Wilks' L a m b d a  F- 
value = 4.81, df  = 2, P < 0,05), when several 
infes ted  axils on  t ip- inocula ted,  bu t  no t  
node  2-inoculated plants, bore  petioles with 
symptoms. The  c o m p a r e d  variates were ex- 
t remely variable even within t reatments ,  and  
there were usually only a few infested axils 
p e r  plant .  O n  n o d e  2- inocula ted  plants,  
none  of  the axillary infestations were associ- 
ated with petiole symptoms; however, on tip- 
inoculated plants there  were petioles with 
symptoms on  20 of  the 124 infested axils 
(Table 2). The  mean  n u m b e r  of  infested ax- 
ils on  bo th  tip and  node  2-inoculated plants 
increased f rom 1 (the original inoculat ion 
point)  to ca. 3 over the first 46 days. On  
node  2-inoculated plants, there was no fur- 
ther  increase, but  on tip-inoculated plants 
there was a substantial increase after 95 days. 
By 46 days after inoculation, nematodes  in 
ca. 50% of  axillary loci had  pene t ra ted  the 
stolon epidermis  and  colonized subepider-  
mal  pockets  of  stolon tissue. The re  was some 
evidence that  penet ra t ion  occurred  earlier 
and  more  frequently in t ip-inoculated plants 
(Table 2). F rom 46 days onward in node  
2-inoculated plants, 53% of  axillary infesta- 
tions were found  in dead  petioles, whereas 
in t ip-inoculated plants, 36% were in dead 
petioles. 

The re  were no significant differences be- 
tween popula t ion characteristics in superfi- 
cial and deep-seated loci that  could be  as- 
cr ibed to inoculat ion method .  Popula t ion 
data for  infestations on node  2- and  tip- 
i n o c u l a t e d  s to lons  were  t h e r e f o r e  com-  
bined.  Popula t ion  characterist ics differed 
significantly (respective Wilks' L a m b d a  F- 
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t empera tures  du r ing  the exper iment .  All secondary stolons arose f rom control  pr imary stolons pr ior  to inocula- 
tion. Error bars are s tandard  errors of  the  means;  for clarity, only the  uppe r  range  o f  each error  bar is sho~v~n, For 
pr imary stolons N = 7 at each time. For secondary stolons N = 10, 27, 27, 29, 32, and  31 at successive t ime points.  

Mar 

I , I , ,  J ..... I ,  
40 90 140 190 

Time since inoculation (days) 



Stem Nematode  Infestation: Grisfith et al. 361 

TABLE 1. L o c a t i o n s  a n d  c h a r a c t e r i s t i c s  o f  Ditylenchus dipsaci i n f e s t a t i o n  loc i  in  s u b e p i d e r m a l  s t o l o n  t i ssue  o f  

Trifolium repens, a 

Distance f rom stolon Distance f rom stolon 
tip to center  tip to distal end  o f  Nematodes /  

of  locus (mm) locus (mm) infestation locus Symptoms b Stolon order  c 

1 - 2 0  2 2 - 3 
1 - 2 0  3 2 - 2 
1 - 2 0  13 78 - 2 
1 - 2 0  7 8 8  - 2 

1-20 5 107 + 1 
1 - 2 0  8 164  + 2 
1 - 2 0  5 2 ,849  + 3 
1 - 2 0  1 5 , 0 2 7  + 3 
1 - 2 0  6 5 , 1 8 3  + 2 
1 - 2 0  1 6 ,701 + 2 
1 - 2 0  10 8 ,040  + 2 
1 - 2 0  10 11 ,994  + 2 
1 - 2 0  1 12 ,346  + 3 
1 - 2 0  18 >5 ,892  + 2 
1 - 2 0  9 >8 ,500  ÷ 2 

2 1 - 4 0  28  151 - 1 
2 1 - 4 0  27  534  + 2 
21--40 24 761 1 
2 1 - 4 0  30 830  - 2 
2 1 - 4 0  19 5 ,027  2 

>40  31 8 1 
>40  101 52 - 2 
>40  41 55  - 1 
>40  65 9 2  1 
>40  60  169  - 1 
>40 117  7 1 7  1 
>40 30 8 0 3  - 2 
>40 106  9 0 3  2 
>40  39 9 4 0  2 
>40  162 1 ,258  - 1 
>40  128 9 ,488  - 1 
>40  45  39 ,790  + 1 
>40 84  >1,901 - 2 
>40  73 >2 ,945  - 2 

a Stolons were inoculated with a droplet  of water containing 42 D. dipsaci placed ei ther among  tile stipular folds and  undeveloped 
petioles sur rounding  the stolon tip or within the stipule sur rounding  node  2. 

b Symptoms, if present  (+), included in ternode shortening,  increased stolon diameter,  and  pucker ing a n d / o r  distention of  the 
stolon epidermis. 

c Primary stolons (1) give rise to second-order  stolons (2), which give rise to third-order stolons (3). 

values = 2.94 and 8.99, df  = 6, P <  0.05) with 
many  m o r e  living nematodes ,  eggs, and 
dead nematodes  in deep-seated loci than in 
superficial loci at 95 and 186 days (Fig. 2). 
At 186 days the propor t ion  of  adults was 
lower (P< 0.05) in deep-seated loci (Fig. 3). 

In superficial infestation loci, nematodes  
were usually restricted to the epidermal tis- 
sues of  lower portions of  petioles, associated 
stipules, and regions of  stolon enveloped by 
the stipules. Occasionally, nematodes  pen- 
etrated into the lumen of petioles and then 
m ove d  up  to the base o f  the  t r i fol ia te  

lamina, but  they were rarely found in the 
actual lamina. In many loci, the number  of  
nematodes  per  locus increased only slightly 
or decreased (Fig. 2); however, in about  
25% of  the loci there was a substantial in- 
crease for up to 96 days after inoculation, 
followed by a populat ion decline. 

Deep-seated infestation loci were discrete 
pockets within cortical and pith tissues of  
stolons. They often extended along a stolon 
for several internodes and were always asso- 
ciated with at least one  infested axil f rom 
which nematodes  had invaded. In these loci 
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T ~ L E  2. D e v e l o p m e n t  a n d  c h a r a c t e r i s t i c s  o f  ax i l l a ry  i n f e s t a t i ons  b y  Ditylenchus dipsaci o n  i n o c u l a t e d  Tri]blium 
repens stolons. 

Number  of  infested Percentages of axils associated with: 

Point  a t  whictx Time after axils pet" p lant  b 
primary stolons inoculation Deep-seated Petiolar Dead 

inoculated a (days) Mean ~r n infestations c symptoms d petioles 

Tips 

N o d e  2 

0 1.0 0.00 5 0 0 0 
5 1.8 0.58 5 33 0 0 

20 2.2 1.09 5 0 27 0 
46 3.4 3.13 5 76 29 0 
95 4.0 1.41 5 50 40 10 

186 24.0 22.54 3 39 1 51 
0 1.0 0.00 5 0 0 0 
5 1.2 0.45 5 0 0 0 

20 1.6 0.89 5 0 0 0 
46 2.8 1.09 5 14 0 21 
95 2.0 1.41 5 0 0 80 

186 2.3 2.31 3 43 0 86 

a Stolons were inoculated with a droplet  of water containing 42 D. dipsaci placed either among  the sfipular folds and  undeveloped 
petioles sur rounding  the stolon tip or  within the stipule sur rounding  node  2. 

b Mean number  of  axils containing D. dipsaci per  plant  g4th estimated s tandard deviation (~) and  number  of plants sampled (n), 
c Deep-seated infestations were longitudinal pockets of  subepidermal stolon tissue colonized by D, dipsaci. 
a Petiole symptoms characteristic of  D. dipsaci infestation include hypertrophy and  stunting. 

nematode  populat ions the n u m b e r  o f  eggs 
increased exponentially over t ime (Fig. 2). 
The  egg-to-adult ratio was highest  at 95 days 
and  dec l ined  t h e r e a f t e r  (Fig. 3). Locus  
length increased linearly except  between 46 
and  95 days (Fig. 4). This pe r iod  corre-  
sponded  to winter, when mean  daily tem- 
pera tures  were low and pho toper iods  short  
(Fig. 1). Dead  n e m a t o d e s  were observed 
only after  95 days, and  their  n u m b e r  in- 
creased slowly thereaf ter  (Fig. 2). The  frac- 
tion of  adults in the popula t ion  peaked  after 
20 days and  declined thereaf ter  (Fig. 3). 

In 25 of  the 26 deep-seated loci sampled 
at 46 days or  earlier, nematodes  remained  
restricted to the subepidermal  cortex (Table 
3). In  4 of  the 11 loci sampled after 95 days, 
n e m a t o d e s  h a d  p e n e t r a t e d  the  vascular  
sheath and  spread into the pith. By 186 days, 
this h a d  o c c u r r e d  in 15 o f  the  17 loci 
sampled.  After 186 days, stolon epidermis  in 
12 of  the 69 infested internodes  (15 cm of  
the total 25-cm length of  infested stolon) 
was split longitudinally and  underlying and  
sur rounding  tissues were senescing. 

Many deep-seated infestation loci (21 of 
40) did no t  e x p a n d  f r o m  the stolons in 
which they were first established into con- 
nected  stolons. In six o ther  regions, deep-  
seated infestat ion loci had  ex t ended  into 

connec ted  stolons but  the popula t ion struc- 
tures were markedly  different,  suggesting 
that  at these locations two separate loci had  
developed.  

There  was a clear relat ionship between 
the length of  deep-seated loci and  popula-  
tion size, with longer  loci containing more  
nematodes  (Fig. 5). There  was also a marked  
tendency for  loci in more  proximal  regions 
of  stolons to be longer; at 186 days, loci in 
pr imary axes were longer  than those in sec- 
ondary axes (Fig. 6). 

At 95 days after  inoculation,  the m e a n  
popula t ion  density in loci with symptoms 
was significantly greater  than that in o ther  
loci (350 _+ 242 nematodes  per  m m  (N = 3) 
vs. 97 +- 97 (N = 10)). A t96  days, popula t ion  
density was 433 _+ 392 nematodes  per  m m  (N 
= 16) in loci with symptoms compared  to 
204 _+ 204 (N = 7) in loci without symptoms, 
but  this difference was not  statistically sig- 
nificant. 

Spread of stem, nematode infestation between 
stolons: In the second exper iment ,  after 225 
days, nematodes  had  spread f rom the origi- 
nal inoculat ion points in all six boxes. Symp- 
toms were present  on stolons up to 52 cm 
f rom original inoculation points. On aver- 
age, each box conta ined  203 -+140 (N = 6) 
axes with distinctive symptoms of  D. dipsaei 
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FIG. 2. Characteristics of Ditylenchus dipsaci populations in superficial (A, C, E) and deep-seated (B, D, F) 

infestation loci on inoculated Tr~olium repens. Superficial infestations were restricted to axillary locations. Deep- 
seated infestations were pockets in subepidermal stolon tissue and associated axils colonized by D. dipsaci. Y axes 
are logarithmic scales. Short horizontal bars indicate ranges, thin lines indicate interquartile ranges, and plotted 
points are medians. For deep-seated loci N = 8, 17, 16, 21, and 48, respectively. For other loci N = 17, 9, and 16, 
respectively. 

i n f e s t a t i on .  M o s t  o f  t h e s e  axes  w e r e  c o n c e n -  

t r a t e d  w i t h i n  18 c m  o f  t h e  o r i g i n a l  i n o c u l a -  

t ion po in t s ,  w h e r e  t h e r e  w e r e  b e t w e e n  2 a n d  

6 i n f e s t e d  axes  p e r  10 c m  2 o f  c l o v e r  sward .  

DISCUSSION 

W i t h  n o  o v e r h e a d  w a t e r i n g ,  t h e  n u m b e r  

o f  a x i l l a r y  i n f e s t a t i o n s  i n c r e a s e d  o v e r  46 
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FIG. 3. Characteristics of Ditylenchus dipsaci populations in superficial (A, C, E) and deep-seated (B, D, F) 
infestation loci on inoculated Trifolium repens. Superficial infestations were restricted to axillary locations. Deep- 
seated infestations were pockets in subepidermal stolon tissue and associated axils colonized by D. dipsaci. Short 
horizontai bars indicate ranges, thin lines indicate interquartile ranges, and plotted points are medians. For 
deep-seated loci N = 8, 17, 16, 21, and 48, respectively. For other loci N = 17, 9, and 16, respectively. 

days f rom 1 to ca. 3, with nodes  immedia t e ly  
ad jacen t  to i n o c u l a t i o n  poin ts  b e c o m i n g  in- 
fested. This  increase  m u s t  have r e q u i r e d  ac- 
tive bu t  l imi ted  n e m a t o d e  mig ra t i on  f rom 

i n o c u l a t i o n  poin ts  across the surfaces of the 
plants .  O n  p r i m a r y  s to lons  i n o c u l a t e d  at  
n o d e  2, n e m a t o d e s  could  n o t  have b e e n  pas- 
sively t ransferred,  a n d  m o v e m e n t  of  n e m a -  
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FIG. 4. Expansion of  subepidermal pockets of  sto- 
lon tissue colonized by Ditylenchus dipsaci in inoculated 
Trifolium repens plants. Medians are plotted, the vertical 
bars indicating interquartile ranges and the horizontal 
bars representing maximum and minimum values. For 
successive times N = 3, 3, 20, 11, and 17. 

todes inside stolons was extremely limited. 
Approximately one-fourth of  the nematodes  
inoculated into stipules were deposited in 
the immediate  vicinity of  suitable feeding 
sites (axils). The  majority of  these nema- 
todes p resumably  r e m a i n e d  at axils but  
some adults may have laid eggs and then 
migrated, since the propor t ion  of  adults at 
axils decreased while the total populat ion 
remained constant. Adult nematodes  inocu- 
lated onto  seedlings have been  observed to 
behave similarly (Griffith et al., 1997). Most 
of  the migrating nematodes  were probably 
those not  deposited in the immediate vicin- 
ity of axils. 

A thin layer o f  condensat ion must have 
formed on the plants since nematode  migra- 
tion across a surface requires a suitable wa- 
ter film (Wallace, 1963). When clover swards 
were watered from overhead,  nematode  mi- 
gration was much  more  pronounced ,  pre- 
sumably because of  widespread persistent 
water films on plant and soil surfaces. The  
rate of  infestation spread was approximately 
2 mm per  day, which is similar to that ob- 
served for  o ther  races of  stem nematode  
(Wallace, 1962; Webster, 1964). 

Multiplication of  the white clover race 
o f  stem nematode  in some of  the superfi- 
cial infestation loci shows that it is not  an 
obligate endoparasite.  Similar observations 
have be e n  ma d e  for  o the r  races of  the 

nematode  (Hodson,  1926). The  observed 
populat ion reduct ion in the majority of  su- 
perficial loci after 95 days is almost certainly 
associated with the onset  of  petiole death. 
An impor t an t  factor  in de t e rmin ing  the 
max imum popula t ion  that could be pro- 
duced at any specific superficial locus was 
the time between locus establishment and 
petiole death. 

The  increase in the number  of superficial 
infestations in tip-inoculated plants at 186 
days after inoculation was probably due to 
nematode  migration from deep-seated infes- 
tation loci into adjacent axils. This increase 
was particularly marked in stolon regions 
where localized stolon symptoms had devel- 
oped  (such regions were absent on node  2- 
inoculated plants). At these locations, nema- 
todes migrating across the relatively short 
internodes also could have invaded axils not  
directly overlying deep-seated infestations. 

The  following hypothetical  sequence of  
deep-seated locus development  is suggested 
by and fully consistent with the observations 
made during this study. Some nematodes  
start to penetra te  the stolon epidermis in 
the vicinity of  pe t io le /s to lon junct ions (ax- 
ils) soon after inoculation, but  these initial 
incursions are of  limited durat ion and depth  

TABLE 3. Development and characteristics of D/- 
tylenchus dipsaci infestation loci in subepidermal stolon 
tissue of  Trifolium repens. 

Point at Number of loci Percentages 
which of loci with 

primal), Time after per plant b nematodes 
stolons inoculation in pith. 

inoculated a (days) Mean cy n and cortex 

Tips 

Node 2 

5 0.6 0.55 5 0 
20 0.6 0.55 5 33 
46 3.4 1.67 5 0 
95 2.0 1.22 5 40 

186 3.7 2.89 3 82 
5 0.0 0.00 5 

20 0.0 0.00 5 
46 0.6 0.89 5 0 
95 0.2 O.45 5 0 

186 2.0 1.00 3 100 

a Stolons were inoculated with a droplet of water contain- 
ing 42 D. dipsaci placed either among the sfipular folds and 
undeveloped petioles surrounding the stolon tip or within 
the stipule surrounding node 2. 

b Mean number of discrete deep-seated loci containing D. 
dipsaci per plant with estimated standard deviation (~) and 
number of plants sampled (n). 

I 
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because the structure of  the host tissue im- 
poses severe constraints on nematode  move- 
ment. The initial penetrations into the stem 
trigger a series of  metabolic changes in host 
tissue that spread from the penetrat ion sites 
into and along the stolon. These metabolic 
changes cause structural modifications of 
host tissue including cell separation, swell- 
ing, a n d / o r  collapse, which allow nema- 
todes to move around within it (Blake, 1962; 
Newhall, 1943; Riedel and May, 1971; Sein- 
horst, 1956). Thus, an expanding pocket  
of  host tissue capable of  sustaining nema- 
todes is centered around initial penetrat ion 
points. This locus is then colonized by nema- 
todes present at the axil. The rate of  forma- 
tion and expansion of  such loci varies f rom 
plant to plant and at different locations on 
the same plant, and may be influenced by 
temperature,  internode age, and light (Sein- 
horst, 1956). The length of deep-seated loci 
increased slowly at a linear-rate except over 
the winter, when the rate of  locus expansion 
was reduced. Locus expansion rate is inde- 
penden t  of the number  of nematodes since 
the rate remained constant  over periods of  
time when nematode  populat ion increased 
exponentially. When rates of  locus forma- 
tion and expansion were very low, the axil- 
lary infestation remained superficial. 
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If a petiole supporting a superficial infes- 
tation locus dies, presumably there is no fur- 
ther invasion of  subepidermal tissues from 
that locus. The sample of  node 2-inoculated 
plants taken at 95 days was unusual in that 
the primary stolons bore significantly more 
dead petioles than control and tip-inocu- 
lated plants. This sample was also anoma- 
lous in that the plants had fewer deep-seated 
in fes ta t ion  loci t han  in the p r e c e d i n g  
sample, with only one locus being found in 
the five plants examined. It is probable that 
these two effects are interrelated. 

Nematode populations developing within 
deep-seated infestation loci increased expo- 
nentially while remaining confined within 
discrete, linearly expanding pockets of  host 
tissue, leading to increasing popula t ion  
pressure within these loci. At high popula- 
tion densities, there were decreases in the 
proport ion of adults in the populations and 
in the rates of egg production, but  an in- 
crease in n e m a t o d e  death.  It has been  
reported that in unfav6rable conditions J4 
do not  molt into adults but instead enter  a 
diapause-like state (Clayden, 1985; Feil, 
1991). In Caenorhabditis elegans (Maupas) 
Dougherty, J3 enter a diapause state (dauer 
stage) if the J1 from which they developed 
were exposed to an appropriate balance of  
chemosensory  cues involving a "daue r -  
inducing" pheromone and a " food  signal" 
produced by bacteria (Riddle and Georgi, 
1990). Populations of C. elegans therefore 
adjust their rate of  increase to match re- 
source availability, channeling declining re- 
sources to survival/dispersal stages. Several 
other  species of  parasitic nematodes  are 
known to behave similarly (Evans and Perry, 
1976; Michel, 1974). Our results suggest that 
the white clover race of the stem nematode 
also behaves in this way. 

Other  important  changes also occur as 
population pressure increases within deep- 
seated loci. Nematodes penetrate the vascu- 
lar sheath surrounding the pith, which may 
accelerate the rate of locus expansion since 
nematodes can move freely through voids 
within pith parenchyma. At the same time, 
stolons in the older regions of loci start to 
senesce, opening longitudinal splits in the 

Stem Nematode Infestation: C~fith et al. 367 

stolon epidermis. In the presence of mois- 
ture it is probable that this splitting triggers 
a mass migration of  nematodes from the sto- 
lon (Griffith et al., 1997; Robertson, 1928). 

Symptoms on petioles occurred only on 
those infested before they were fully differ- 
entiated, indicating that symptoms develop 
because petiole morphogenesis is disrupted. 
The presence of  just  one nematode in a de- 
veloping petiole was enough to trigger ab- 
normal morphogenesis. 

For white clover stolons not  watered from 
overhead, even large D. dipsaci infestations 
typically had little effect on growth and mor- 
phology. Stolon morphology was affected 
only when subepidermal  loci conta ining 
more than  100 nematodes  were present  
within 20 mm of actively growing meristems. 
Such situations arose when nematodes in- 
vaded developing tissues close to terminal 
meristems (distal to node 1) and subsequent 
stolon growth was slow, as in tip-inoculated 
stolons over winter. It also occurred when 
meristems in axillary buds on infested re- 
gions of  stolons became active after nema- 
tode populations in adjacent loci had in- 
creased to critical levels. This explains why 
symptoms were progressively more common 
on secondary and tertiary branches arising 
f rom infested pr imary  stolons. Affected 
meristems can "escape" from the influence 
of infestation loci when the rate of stolon 
growth exceeds the rate of  locus expansion. 
Such "escapes" of stolon tips through inter- 
node elongation were observed in this study 
and have been observed in field infestations 
(Cook et al., 1992a). 

Symptom development in white clover is 
therefore dependent  on the balance among 
nematode population growth, locus expan- 
sion, and internode elongation. In white clo- 
ver, internode growth is limited both by tem- 
perature and duration of  bright sunshine 
(Sackville-Hamilton, 1990). At temperatures 
less than 4 °C, internode growth is negli- 
gible, and at less than 4 hours of sunshine 
per day internode growth is minimal even at 
temperatures above 8 °C. This explains the 
observed reduced rates of stolon develop- 
m e n t  over winter.  Dur ing  mild  winters 
nematode population levels in loci will in- 

i i  
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crease more  rapidly due to h igher  mean  
daily t empera tu res  (Griffith et al., 1996, 
1997). However, the rate of  growth of  termi- 
nal meristems away from infestation loci will 
not  change and so the probability of  symp- 
toms occurr ing will increase. This explains 
why damage  to in fes ted  plants  is m o r e  
marked in spring, especially after mild win- 
ters (Cook et al., 1992a) and indicates that 
predic ted  climatic changes due to global 
wa rming  ( M u r p h y  and  Mitchel l ,  1995) 
would lead to more  p ronounced  damage by 
D. dipsaci to white clover in the United King- 
dom. 

Development  of  symptoms on stolons, as 
on  petioles,  is a lmost  cer tainly a conse- 
quence  of  n e m a t o d e  activity in te r fe r ing  
in some way with morphogenes i s  at the 
meristem. The  resulting changes in stolon 
structure, including cell separation, swell- 
ing, and rounding-off, enhance  rates of  lo- 
cus expansion and nematode  reproduct ion.  
In red clover (Trifolium pratense L.) the de- 
gree of  multiplication of  stem nematode  in 
host tissue is correlated to symptom expres- 
sion, especially swelling (Dijkstra, 1957). 

The  details o f  the dynamics of  deep-  
seated infestation locus deve lopment  de- 
duced f rom this study have been combined 
with informat ion derived f rom an earlier 
investigation of  the popula t ion  dynamics 
o f  stem nematode  on white clover (Griffith 
et al., 1997) to produce  a simulation model  
of  the hos t -nematode  system (Griffith et  
al., 1996). This simulation model  will be 
used to make quantitative predictions of  the 
effect of  predicted global warming on the 
system. 
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