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Development of Heterodera glycines Life Stages as
Influenced by Temperature'

D. G. ALsTON AND D. P. ScuMITT?

Abstract: The effects of temperature on rates of development of Heterodera glycines egg and
Jjuvenile stages were examined as a basis for predicting generation times of the nematode on soybean.
The relationship of temperature to H. glycines embryonic development between 15 and 30 C was
described by a linear model. The calculated basal temperature threshold was 5 C. Thermal optimum
for embryogenesis and hatch with low mortality was 24 C. Development proceeded to first-stage
juvenile at 10 C and to second-stage juvenile at 15-30 C. Hatch occurred at 20-30 C. At 36 G,
development proceeded to the four-cell stage, then the eggs died. The range of diurnal soil tem-
perature fluctuation and accumulated degree-days between 5 and 30 C (DDs,5,) had an impact on
rate of development of juveniles in soybean roots. From early June to early July, H. glycines required
534 £ 24 DD, 5 (4 weeks) to complete a life cycle in the field. During the midseason (July and
August), life cycles were completed in 3 weeks and 429 + 24 DD, 4, were accumulated. Late in the
season (September to November), declining soil temperatures were associated with generation times
of 4 weeks and slower rates of development.

Key words: development rate, ecology, Glycine max, hatching rate, Heterodera glycines, mortality
rate, soybean cyst nematode, threshold temperature.

Seasonal population fluctuations of Het-
erodera glycines Ichinohe on soybean, Gly-
cine max (L.) Merr., are largely regulated
by population densities in the field at plant-
ing and developmental and reproductive
potentials of the nematode (2). Nematode
development and reproduction are influ-
enced by many factors, including environ-
mental conditions (1,8,9,12,21), soil fac-
tors such as texture and pH (13,15), host
suitability (11,26), and management prac-
tices such as applications of pesticides and
fertilizers (13,22). A model (4) developed
to simulate the effects of many of these
variables on Meloidogyne sp. population dy-
namics on grape was modified to include a
temperature data-base on egg develop-
ment and death rates to improve its pre-
dictive potential (6,7). Temperature, a reg-
ulator of nematode metabolic rates, is used
to drive simulation of nematode popula-
tion changes (5,16).
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Second-stage juveniles ( J2) of H. glycines
fail to emerge from cysts incubated below
16 C or at 36 C, and emergence is optimum
at 24 C (23). Egg hatch declines sharply in
autumn when soil temperatures decrease
from 21 to 10 C (20). At constant temper-
atures of 31, 24, and 17 C, H. glycines life
cycles are completed in 18, 22, and 37 days,
respectively. Penetration of soybean roots
by H. glycines J2 occurs four times faster at
28 C than at 22 C (9). Low (14 C) and high
(35 C) temperatures limit penetration and
development and completely inhibit repro-
duction (9). On soybean root explants
grown under gnotobiotic conditions at 25
C, the life cycle of H. glycines is completed
by 21 days after inoculation (14).

The objective of this research was to de-
termine the effect of temperature on de-
velopment of H. glycines life stages on soy-
bean.

MATERIALS AND METHODS

Embryonic development: Two experiments
were conducted in the laboratory to de-
termine the effects of temperature on em-
bryonic development and egg hatch of Het-
erodera glycines race 1. Mature cysts,
collected from 2—-3-month-old greenhouse
soybean cultures, were crushed with a tis-
sue grinder to release the eggs. Two-celled
eggs were used as the beginning stage.
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In the first experiment, single eggs were
placed in BPI watch glasses containing dis-
tilled water, and the watch glasses were
enclosed in glass petri dishes (100 mm d X
15 mm high) to minimize evaporation. The
eggs were incubated at 10, 15, 20, and 25
C and were examined microscopically every
2 days until all eggs hatched or develop-
ment ceased. Stages of development were
classified as two-cell, four-cell, eight-cell,
multicell, first-stage juvenile (J1) and J2
within the egg, emerged J2, and dead eggs.
Eggs were considered dead when contents
became dark and granular. Treatments
were replicated within temperature cham-
bers 10 times and the experiment was re-
peated once.

A second experiment included incuba-
tion of single eggs at 10, 16, 24, 30, and
36 C. Treatments were replicated within
chambers eight times, and the experiment
was performed once. All other procedures
were as described for the first experiment.

Models of egg development were de-
rived from the temperature data-base gen-
erated in the two experiments. Two ap-
proaches were used (6): 1) The rates of
development, death, and hatch per day
were expressed as a function of tempera-
ture, and 2) development was represented
in terms of accumulated degree-days (DD).
The daily rates of development and hatch
were calculated by the proportion of de-
velopment or hatch completed per day
from the two-cell stage to J2 within the egg
and from J2 within the egg to hatch, re-
spectively. Mortality levels were described
by the relationship M = 1 ~ (1 — m)",
where M is the proportion of mortality af-
ter n days, m = daily mortality rate ex-
pressed as a proportion of the initial pop-
ulation, and n = number of days over which
death occurs. This equation accounts for
the decreasing population to which the dai-
ly mortality rate was applied.

Development of juvenile stages: The influ-
ence of soil temperature on development
of H. glycines race 1 juvenile stages in soy-
bean roots was determined for 17 weekly
periods in a naturally infested field at the
Central Crops Research Station near Clay-
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FiG. 1. Relationship between rate of Heterodera

glycines egg development (per day) and temperatures
from 15 to 30 C. Rate of development = proportion
of development completed per day by eggs from two-
cell stage to J2 within the egg.

ton, North Carolina, in 1984. The soil was
a Varina loamy sand (85% sand, 9% silt,
6% clay). Soil temperature was monitored
at a depth of 15 cm with a remote ther-
mograph (Weathertronics, Sacramento,
CA).

‘Coker 156’ soybeans were planted at
weekly intervals from 23 May to 7 Novem-
ber 1984. Also once a week, roots from
approximately 2 m of row were dug from
each planting to a depth of 30 cm. Whole
root systems from five randomly selected
plants were stained using a NaOCl-acid
fuchsin technique (3), and numbers and de-
velopmental stages of H. glycines were de-
termined. Developmental stages identified
were vermiform J2, swollen ]2, third-stage
juvenile (J3), fourth-stage juvenile (]J4),
male, and female with eggs. Males still
within J4 cuticles were counted as mature
males. Females without eggs were counted
as J4. When adults were found from a given
planting date, no more plants were re-
moved from those plants. Models were de-
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TasLe 1. Rates of development, mortality, and
hatch of Heterodera glycines eggs at constant temper-
atures.

Temper- Rate per day
ature
©) Developmentt  Mortality} Hatch§
10 — 0.026 0.000
15 0.049 0.000 0.000
16 0.100 0.000 0.000
20 0.073 .0.000 0.110
24 0.118 0.014 0.395
25 0.114 0.010 0.275
30 0.125 0.117 0.338
36 Death 1.000 0.000

t Rate of development = proportion of development com-
pleted per day by eggs from the two-cell stage to J2 within
the egg.

T Rate of mortality = m in the equation for proportion of
mortality after n days, 1 — (1 ~ m)".

§ Rate of hatch = proportion of hatch completed per day
by eggs starting in the ]2 stage.

|| Development proceeded only to J1, and therefore is not
included in calculations for development to J2 within the egg.

veloped to characterize nematode matu-
ration development in terms of
accumulated DD. '

REsuLTS

Embryonic development: Data from the two
experiments were combined. The daily rate
of development of eggs from the two-cell
stage to J2 within the egg was linearly re-
lated to temperature between 15 and 30 C
(Fig. 1, Table 1). Egg development pro-

TABLE 2.

ceeded only to jl at 10 C. At 36 C egg
cells divided once to the four-cell stage and
then died. Therefore, development at 10
and 36 C could not be included in calcu-
lations for completion of development to
J2. The temperature-dependent rate of de-
velopment between 15 and 30 C was de-
scrlbed by the equation

R =0.0056T ~.0.0311,
r2 = 0.90, P =0.01

where R = predicted rate of embryonic
development (proportion of development
completed per day) and T = 15 C < tem-
peratures = 30 C. The basal threshold for
development, determined by solving the--
regression equation for the x—intercept “‘was
5.55 C. In a preliminary experiment, 8 of
10.two-celled eggs placed at constant 5 C
completed development to the multicell
stage within 12 days, and three of these
eggs hatched when placed at 24 C up to -
15 additional days. Although mortality was
very high, these data support the use of 5
C as a basal threshold for development.
The upper threshold for development was
approximated to be between 30 and 36 C.
Mortality did not occur at 15, 16, or 20
C (Table 1). Mortality was less than 3% at
10, 24, and 25 C, increased to.11.7% at 30
C, and was 100% at 36 C. Mortality of two-
celled and four-celled eggs occurred within

Accumulated sum of degree-days, assuming.'é basal threshold for development of 5 C (DD,), for

Heterodera glycines eggs maintained at constant temperatures.

Accumulated DD,

Temperature
©) Four-cell Eight-cell Multicell Ju J2 Hatch
Experiment 1%
10 11 =1 24 + 3 46 + 2 75 £5 —F —
15 16 £ 0 37+2 66+t 5 110 + 4 169 + 1 —
20 22 £ 7 36 = 6 60 £ 0 126 =+ 6 190 = 2 269 + 2
25 22 =+ 2 40 = 4 78 = 6 129 = 1 180 =0 216 = 16
Experiment 2§
10 102 22+ 1 40 = 4 74 £ 3 — —
i6 - 20x 2 27+ 3 44 + 5 92 + 4 115 =2 —
24 22 £ 2 37 £ 4 76 * 2 118 + 4 160 £ 2~ 226 *+ 2
30 18 £ 1 38 = 2 49 £ 3. 150 = 1 200 £ 1} 250 + 3|
36 62 = 0| — — — — —

T Values are means of 10 replicates and two experimental trials.

} — = development did not proceed to the stage indicated.
§ Values are means of eight replicates.

| Less than 50% of the eggs developed to the stage indicated.
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F16.2. Deévelopmental stages of Heterodera glycines
juveniles in soybean roots at 1, 2, 3, and 4 weeks after
planting during early, mid and late season in a Varina
sandy loam at Central Crops Research Station, North
Carolina, 1984. V]2 = vermiform second-stage ju-
venile, §J2 = swollen second-stage juvenile, J3 = third-
stage juvenile; J4 = fourth-stage juvenile, M = male,
and F = female with eggs. A) Planting dates between
23 May and 27 June. B) Planting dates between 5 July
and 15 August. C) Planting dates between 11 Sep-
tember and 10 October.

2-6- days from inception of the experi-
ment. Although completion of egg devel-
opment to the multicell stage occurred
within 2 days at 25 and 30 C, mortality of
multicell stage eggs was not observed until
10-20 days. Death of J1 or J2 within the
egg was not observed at any temperature
studied during these experiments.

Eggs hatched at 20, 24, 25, and 30 C but
not at or below 16 C nor at 36 C during
the 40-day observation period (Table 1).
The optimum temperature for hatch was
24 C.

Egg development at the eight tempera-
tures was computed in terms of accumu-
lated degree-days above 5 C (DDy) (Table
2). Degree-day requirements for comple-
tion of stages were similar among temper-
atures, with some tendency to require more

TabLE 3. Accumulated sum of degree-days be-
tween b and 30 C (DD, s,) and number of weeks re-
quired to complete Heterodera glycines life cycle on
soybean for 17 weekly planting dates at Central Crops
Research Station, North Carolina, 1984.

1?3;:‘;3' (I:Ifu“':g;irs Soil temperature
Soybean DD; s to to com- during life cycle (O)f
planting  complete  plete life  Mini- Maxi-
date life cycle cycle mum Mean mum
May 23 415 3 12 25 32
30 432 4 12 27 32
Jun 6 510 4 22 28 36
13 548 4 21 27 36
21 539 4 20 26 34
27 - 558 4 20 26 34
Jul 5 409 3 20 26 32
12 405 3 20 26 32
18 418 3 20 26 32
25 445 3 20 26 32
Aug 1 453 3 22 27 82
7 443 3 22 26 31
15 415 3 22 26 30
Sep 11 338 3 15 20 26
20 375 4 13 19 25
Oct 3 405 4 13 20 24
10 401 4 12 19 24

t Minimum, mean, and maximum soil temperatures re-
corded at 2-hour intervals at a depth of 15 c¢m during life
cycle period.

DD, at warmer temperatures. The DD, for
development to J2 and for development
and hatch were 157 + 44 and 236 *+ 35,
respectively. Development to J1 required
fewer DD; at the lower temperatures (10,
15, and 16 C) than at 20 C and above. At
30 C, only 32% of the eggs developed to
J2 and hatched.

Development of juvenile stages: DD; was
also selected as a basal threshold for com-
pletion of a life cycle from penetration of
soybean roots by J2 to production of new
eggs by mature females. The range of diur-
nal temperature fluctuation had an impact
on the DD, and time requirements for
completion of a life cycle (Table 3). An
upper temperature threshold for devel-
opment of 30 C was selected because it
allowed for the least variability in DD, cal-
culations for completion of H. glycines life
cycles during the season. At temperatures
above 30 C, development was assumed to
cease and no DD, accumulated. (Here-
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after, degree-days accumulated between b
and 30 C will be referred to as DD; 5.)

Early in the season, from 23 May to 5
June, the minimum soil temperature re-
corded during a H. glycines life cycle was
12 C and the maximum temperature was
32 C (Table 3). During this period,
generation times were 3 or 4 weeks and
424 = 8 DD, 5. In June, minimum soil
temperatures ranged from 20 to 22 C and
maximum temperatures from 34 to 36 C.
The life cycle during this period required
4 weeks and 534 = 24 DDj 5, (Fig. 2A). In
the midseason, from 5 July to 3 September,
minimum and maximum soil temperatures
were 20-22 C and 30-32 C. During this
period, life cycles were completed in 3
weeks and 429 + 24 DD, 4, (Fig. 2B). Late
in the season, from 11 September to 6 No-
vember, when soil temperatures declined,
generation times increased to 4 weeks (Fig.
2C). Minimum soil temperatures were 12—
15 C, and maximum temperatures were
24-26 C. Although life cycles were longer,
accumulated DDy 5, were less (372 = 33)
than during the midseason.

Di1sCuUssiON

The rates of some physiological pro-
cesses of poikilothermic organisms such as
nematodes are controlled by temperature.
H. glycines is a nematode that can function
over a wide temperature range. This func-
tion was evidenced by the strong linear re-
lationship of development rates of H. gly-
cines eggs to temperatures between 15 and
30 C. This relationship between temper-
ature and embryonic development is sim-
ilar in Meloidogyne spp. (6,25). Based on ex-
perimental data and extrapolation by linear
regression, the basal temperature thresh-
old for egg development was estimated to
be approximately 5 C, much cooler than
the earlier estimate of 14 C (21). Basal de-
velopmental thresholds are 6.74 C for M.
hapla (25), 8.26 C for M. incognita (25), and
10.11 C for M. arenaria (6). Differential
developmental thresholds for the different
species are probably genetically based and
may be important in overwinter survival

and related to differences in their geo-
graphic spatial patterns (27).

The thermal optimum for embryogen-
esis and hatch in H. glycines was between
24 and 30 C. Low mortality of eggs and
rapid development and hatch at 24 and 25
C are supporting evidence for these tem-
peratures being optimal. Juvenile emer-
gence from cysts is greatest at 24 C (23).
The minimal temperature threshold for
hatch under the conditions of this exper-
iment was 20 C. Meloidogyne incognita J2 can
migrate through soil and penetrate roots
at temperatures above but not below 18 C,
which is considered as an activity thresh-
old; however, development can occur at
lower temperatures (19). The concept of
an activity threshold indicates that while
temperature is sufficiently high for devel-
opment, it may still be below a level allow-
ing for sufficient muscular activity for such
events as hatch, migration, and penetra-
tion of roots. This nematode may have
evolved a2 mechanism that prohibits hatch-
ing below temperatures that would not be
suitable for soybean growth (18). Stimuli
from host root exudates (24), moisture (17),
and a minimal temperature threshold may
be the most important factors regulating
hatch in field soils, especially in spring when
temperatures begin to rise.

Since there was no mortality in J1 and
J2 within the egg and early embryonic
stages had high mortality levels, it seems
likely that overseasoning would occur with
the more advanced developmental stages.

In general, DDy 5, was a satisfactory pre-
dictor of juvenile development in roots. In
June, soil temperatures above 30 C seemed
to be detrimental, especially to develop-
ment of advanced juvenile and adult stages,
resulting in greater DD;,5,. Penetration,
development, and reproduction of H. giy-
cines is limited at low (14 C) and high (33
C) temperatures (9). In this study, 429 =
24 accumulated DDj 4, were required for
completion of a life cycle during the mid-
season when temperatures were in the op-
timum range. On soybean root explants
grown under gnotobiotic conditions at
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constant 25 C, a life cycle of H. glycines
requires 21 days (14), or 420 DD, 5,. Com-
pletion of H. glycines life cycle on soybeans
grown in temperature-controlled water
tanks required 259, 308, and 378 DD, at
17,24, and 31 C, respectively (21), or 444,
418, and 468 converting to DDj 4.

Late in the season, fewer DD, Te-
quired to complete a life cycle (372 £ 33)
were associated with lower soil tempera-
tures (12-26 C) than during the midseason
(20-32 C). The discrepancy between mid
and late season DD; 5, requirements may
suggest a lower basal and (or) upper thresh-
old for development. Development of Het-
erodera rostochiensis J2—]4 in host roots was
more rapid at 23.9 C than at 18.3 C; how-
ever, eggs were formed first at 18.3 C (8).
In addition, H. glycines has been shown to
increase rates of reproduction late in the
season on reproductive soybeans (10). Per-
haps an increase in rate of development is
associated with this increased reproductive
capacity.

Modeling approaches used for studies of
nematode population dynamics have gen-
erally resulted in models describing an in-
tegration of many effects during an aver-
age season (4). The approach of this study
has been to model nematode development
as influenced by a single variable, temper-
ature. The hypothesis was that tempera-
ture, as a regulator of the nematode’s met-
abolic rate, could be used as the primary
driving force for model simulation of de-
velopmental rates. Further experimenta-
tion and validation is needed to improve
reliability and predictive ability of the
model’s simulation of H. glycines popula-
tion fluctuations in the field.

LiTErATURE CITED

1. Banyer, R. J., and J. M. Fischer. 1971. Effect
of temperature on hatching of eggs of Heterodera ave-
nae. Nematologica 17:519-534.

2. Bonner, M. J., and D. P. Schmitt. 1985. Pop-
ulation dynamics of Heterodera glycines life stages on
soybean. Journal of Nematology 17:153-158.

3. Byrd, D.W., Jr., T. Kirkpatrick, and K. R. Bark-
er. 1982. An improved staining technique for clear-
ing and staining plant tissue for detection of nema-
todes. Journal of Nematology 15:142-143.

4. Ferris, H. 1976. Development of a computer-
simulation model for a plant-nematode system. Jour-
nal of Nematology 8:255-263.

5. Ferris, H. 1976. A generalized nematode sim-
ulator based on heat-unit summation. Journal of
Nematology 8:284 (Abstr.).

6. Ferris, H., H. S. DuVernay, and R. H. Small.
1978. Development of a soil-temperature data base
on Meloidogyne arenaria for-a simulation model. Jour-
nal of Nematology 10:39-42.

7. Ferris, H. 1978. Modification of a computer
simulation model for a plant-nematode system. Jour-
nal of Nematology 10:198-201.

8. Ferris, J. M. 1957. Effect of soil temperature
on the life cycle of the golden nematode in host and
nonhost species. Phytopathology 47:221-230.

9. Hamblen, M. L., D. A. Slack, and R. D. Riggs.
1972, Temperature effects on penetration and re-
production of soybean-cyst nematode. Phytopathol-
ogy 62:762 (Abstr.).

10. Hill, N, 8. 1985. The influence of soil tem-
perature and soybean phenology on dormancy in-
duction of Heierodera glycines. M.S. thesis, North Car-
olina State University, Raleigh.

11. Jones, F. G. W. 1966. The population dynam-
ics and population genetics of the potato cyst nema-
tode Heterodera rostochiensis Woll. on susceptible and
resistant potatoes. Report of the Rothamsted Exper-
imental Station for 1965, Harpenden, Herts. Pp. 301-
306.

12. Jones, F. G. W. 1975. Accumulated temper-
ature and rainfall as measures of nematode devel-
opment and activity. Nematologica 21:62-70.

13. Kimpinski, J., H. R. Wallace, and R. B. Cun-
ningham. 1976. Influence of some environmental
factors on populations of Pratylenchus minyus in wheat.
Journal of Nematology 8:310-314.

14. Lauritis, J. A., R, V. Rebois, and L. S. Graney.
1983, Development of Heterodera glycines Ichinohe on
soybean, Glycine max (L.) Merr., under gnotobiotic
conditions. Journal of Nematology 15:272-281.

15. Loewenberg, J. R., T. Sullivan, and M. L.
Schuster. 1960. The effect of pH on the hatching
and survival of Meloidogyne incognite larvae. Phyto-
pathology 50:215-217.

16. McSorley, R., and J. M. Ferris. 1979. Phex: A
simulator of lesion nematodes in corn roots. Research
Bulletin 959, Purdue University Agricultural Exper-
iment Station, West Lafayette, Indiana.

17. Okada, T. 1971. The effect of root diffusate
and pre-soaking temperatures, and pre-soaking pe-
riods on hatching of Heterodera giycines Ichinohe. Jap-
anese Journal of Applied Entomology and Zoology
15:215-221.

18. Raper, C. D,, and P. J. Kramer. 1987. Stress
physiology. Pp. 589-641 in J. R. Wilcox, ed. Soy-
beans: Improvement, production, and uses, 2nd ed.
Madison, WI: American Society of Agronomy.

19. Roberts, P. A., 8. D. Van Gundy, and H. E.
McKinney. 1981. Effects of soil temperature and
planting date of wheat on Meloidogyne incognita repro-
duction, soil populations, and grain yield. Journal of
Nematology 13:338-345.



872 Journal of Nematology, Volume 20, No. 3, July 1988

20. Ross, J. P. 1963. Seasonal variation of larval
emergence from cysts of the soybean cyst nematode,
Heterodera glycines. Phytopathology 53:608-609.

21. Ross, J. P. 1964. Effect of soil temperature on
development of Heterodera glycines in soybean roots.
Phytopathology 54:1228-1231.

22. Schmitt, D. P., F. T. Corbin, and L.. A. Nelson.
1983. Population dynamics of Heterodera glycines and
soybean response in soil treated with selected nema-
ticides and herbicides. Journal of Nematology 15:432—
437.

23. Slack, D. A., and M. L. Hamblen. 1961. The
effect of various factors on larval emergence from
cysts of Heterodera glycines. Phytopathology 51:350—
355.

24. Tsutsumi, M:,and K-Sakurai. 1966. Influence
of root diffusates of several host and non-host plants
on the hatching of the soybean cyst nematode, Het- |
erodera glycines Ichinohe, 1952. Japanese Journal of
Applied Entomology and Zoology 10:129-137.

25. Vrain, T. C., and K. R. Barker. 1978. Influ-
ence of low temperature on development of Meloi-
dogyne incognita and M. fiapla eggs in egg n masses. Jour-
nal of Nematology 10:311-313.

26. Wallace, H. R. 1963. The b1ology of plant
parasitic nematodes. London: Arnold Press. .

27. Wallace; H. R. 1973. Nematode ecology and -
plant disease. London: Arncld Ptess. )



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print

