Epidemiology

Phenology of Didymella rabiei Development on Chickpea Debris
Under Field Conditionsin Spain

J. A. Navas-Cortés, A. Trapero-Casas, and R. M. Jiménez-Diaz

First and second authors: Departamento de Agronomia, Escuela Técnica Superior de Ingenieros Agrénomos y de Montes (EFSIAM), Uni
versidad de Cérdoba (UCO), Apdo. 3048, E-14080 Coérdoba, Spain; third author: Departamento de Agronomia, ETSIAM, UCO and In-
stituto de Agricultura Sostenible, Consejo Superior de Investigaciones Cientificas, Apdo. 4084, E-14080 Cordoba, Spain.

Current address of J. A. Navas-Cortés: Instituto de Agricultura Sostenible, Consejo Superior de Investigaciones Ciewlibfict84AE-

14080 Coérdoba, Spain.
Accepted for publication 11 June 1998.

ABSTRACT

Navas-Cortés, J. A., Trapero-Casas, A., and Jiménez-Diaz, R. M. 1998. Pfiest season. Ascospore maturation and liberation in cooler locations were
nology of Didymella rabiei development on chickpea debris under field more uniform and occurred later compared to maturation in warmer
conditions in Spain. Phytopathology 88:983-991. locations. Also, production of asci and ascospores per pseudothecium
was much higher in cooler than in warmer locations. A similar rela-
The development obidymella rabiei on debris of naturally infected tionship was found for density of pseudothecia and pycnidia and conidia
chickpea was investigated in four chickpea-growing areas with differerpiroduction per pycnidium. The percentage of mature pseudothecia in-
climatic conditions in Spain during 1987 to 1982.rabiei extensively  creased according to the logistic model, with the cumulative number of
colonized chickpea debris and formed pseudothecia and pycnidia. Diffe€elsius degree days calculated by computing the mean of the maximum
entiation of pseudothecialitrals occurred regularly across experimental and minimum daily air temperatures on rainy days from the date of de-
locations by November, 1 month after placement of debris on the solbris placement on the soil. There were significant differences among
Ascospore maturation occurred mainly from late January to late Marclmodel parameter estimates between cooler and warmer locations, but mi-
depending on location and year. Maximum ascospore discharge fronor differences were found among parameters for locations with similar
sampled debris pieces placedder suitable environmental cdtiohs environmental conditions. There was an inverse linear relationship be-
occurred 2 to 4 weeks after ascospore maturation, after which ascospdoneen the average temperature during the period of pseudothecia matur-
release decreased sharply. Pseudothecia were exhausted, due to aation and the number of asci produced per pseudothecium.
spore discharge, by the beginning of summer. New asci did not develop

in empty pseudothecia and no pseudothecia formed in tissues after tAdditional keywords: Ascochyta blightCicer arietinum.

Ascochyta blight, caused by Ascochyta rabiel (Pass.) Labrousse,
is one of the most important diseases of chickpea (Cicer arietinum
L.) worldwide (19). The annua economic losses caused by the
disease in the Palouse Region of eastern Washington and northern
Idaho alone may exceed $1 million (11). In Spain, the disease oc-
curs sporadically in spring sowings but can be destructive in win-
ter sowings as well (22). The fungus attacks all aboveground plant
parts at any stage of crop development, causing necrotic lesions that
often girdie stems and kill plant parts above the lesions (19). Pycnidia
develop extensively in necrotic tissues and produce conidia for sec-
ondary infections when suitable environmental conditions occur.
The number of secondary infection cycles occurring during a growing
season depends largely on the rate of disease development, which
isinfluenced by environment and cultivar susceptibility (19).

A. rabiel forms the sexua or teleomorphic stage (Didymella rabiei
(Kovachevski) von Arx (=Mycosphaerella rabiei Kovachevski))
on chickpea debris that overwinter on the soil surface, developing
saprophytically and forming abundant pycnidia and pseudothecia
(13,17,23). D. rabiei is heterothalic, with a bipolar dialélic in-
compatibility system (26). Under field conditions in the Palouse
Region and southern Spain, pseudothecial development begins dur-
ing the fall and winter seasons, and ascospores of the fungus are
discharged into the air beginning at the end of the winter season
and continuing until the end of the spring season (16,23). Asco-
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spores may be carried great distances by wind (11) and are the
major primary inoculum for epidemics of Ascochyta blight (24).
These factors, together with the possibility of the teleomorph con-
tributing to increased genetic diversity in the pathogen population
(26), emphasize the importance of elucidating the environmental
conditions required for teleomorph formation.

Some studies have been carried out under laboratory conditions to
determine the environmental factors that influence the devel opment
of D. rabiel pseudothecia and production of ascospores (16,18,23).
However, there is little information on the effects of these factors
under field conditions. Based on laboratory experiments, either con-
stant 100% relative humidity (RH) or alternating wet (100% RH)
and dry (34% RH) periods are required for pseudothecial produc-
tion and maturation (16,18,23). If moisture is not limiting for pseudo-
thecial production, temperatures of 5 to 10°C are required for pseudo-
thecial maturation (23). Pseudothecia mature at 10°C and constant
100% RH and at 5 and 10°C and alternafiig and 34% RH (16,

18). At temperatures higher than 10°C or <100% RH, pseudothecia
do not form or mature, and cell contents degenerate (16,18).

The objective of our research was to determine the phenology
of D. rabiei pseudothecial development on chickpea debris under
field conditions in the major chickpea-growing regions of Spain.
Information from this research contributes to a better understand-
ing of the epidemiology of Ascochyta blight.

MATERIALSAND METHODS

Chickpea debris and experimental plots. From July 1987 to
1991, stem debris of highly susceptible chickpea cv. Blanco Le-
choso (21,22) naturally infected By rabiei was collected at har-
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vest time from fields of chickpea in the Cérdoba Province, Spairplace by a large net attached to the soil to prevent dispersal of the
severely affected by Ascochyta blight during the spring of eachags and stem pieces by wind. Plots were located in fields of Ex-
year. Stem debris from uninfected plants of the same cultivar wamerimental Research Stations at Chipiona, Cadiz Province (1988
collected from disease-free fields and used as a control. The de-1991); Cérdoba (1987 to 1991); Atarfe, Granada Province (1987
bris was air-dried and stored in sacks in a dry place at roomo 1991); and Zamaduefias, Valladolid Province (1988 to 1991),
temperaturex18 to 24°C) until used. Dried, infested stem debrisSpain. These locations are representative of the main chickpea-
was cut into 10- to 12-cm-long pieces that had at least two negrowing areas in Spain and were selected on the basis of differ-
rotic lesions with pycnidia typical &. rabiei. Twelve stem pieces ences in prevailing climatic conditions. The provinces of Cadiz,
were placed in nylon net bags (14 x 20 cm) with 1.6-mm meshCo6rdoba, and Granada are located in southern Spain, and Val-
During October of each year from 1987 to 1991, 30 bags coradolid is located in northern Spain. For each experimental plot
taining stem debris were placed on the soil surface in a 4 x 3-and season, the contents of one bag with infested stem debris was
plot at each location during each season. The bags were heldsampled from October to July at monthly intervals during the
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Fig. 1. Density of A, pycnidiaand B, pseudothecia; production of C, conidia and D, asci; and E, percentage of degenerate pseudothecia of Didymella rabiei on
chickpea stem debris incubated on the soil surface at different locations in southern (Cadiz, Cérdoba, and Granada)nafvltexttiiet) Spain during five
crop seasons (1987 to 1992). The density of pycnidia and pseudothecia formed on stem debris was determined from 12@stego figkis at 80
(2.91 mm? each). The number of viable conidia per pycnidium was determined for 240 pycnidia. Each value is the mean of viable conidia from debris sampled
2, 4, 6, and 8 months after placement on the soil surface. The number of asci per pseudothecium was determined for 60 pseudothecia. Percentage of degenerate
pseudothecia from 420 pseudothecia were examined during the 1987-1988 season, and 720 pseudothecia were examined during each of the other seasons in the
study. Vertical bars indicate the standard error of the mean.
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1987-1988 season and at 2-week intervals during the 1988-1989 to
1991-1992 seasons. The contents of one bag with pieces of disease-
free chickpea stems was sampled at 2-month intervals during the
same time period.

Assessment of fungal development on chickpea debris. Sampled
chickpea stem pieces were washed under running tap water for 2 min,
dried on filter paper, and assessed for pseudothecial development
and ascospore production of D. rabiei. To assess pseudothecial
development, 50 pseudothecia were dissected from the tissue,

pieces were removed, sguashed in lactophenol-acid fuchsin, and
characterized as pycnidia or pseudothecia of D. rabiei under a
microscope at 400%. The total number of pycnidia and pseudo-
thecia was calculated for each sampled piece of debris. To deter-
mine conidial production, 10 pycnidia were removed from each of
six stem pieces, placed in a drop of sterile deionized water, mac-
erated with a pestle to obtain a homogeneous conidial suspension,
and a seria dilution was spread evenly on acidified WA (0.25 ml
of 85% lactic acid per liter of WA) in petri dishes. The dishes

sguashed in lactophenol-acid fuchsin, and microscopically exam-
ined at 200 and 400% to determine their developmental stage.
Pseudothecia were rated according to internal stage of develop-
ment: stage 1, stromatic pseudothecial initial; stage 2, pseudopara-
physes filling the lumen of the pseudothecium; stage 3, appear-
ance of asci among pseudoparaphyses; stage 4, asci formed but
content not differentiated; stage 5, asci with ascospores forming or
completely formed and mature, very few pseudoparaphyses remain-
ing; stage 6, empty or haf-empty asci and released ascospores,
and stage 7, empty pseudothecium, all ascospores discharged (23).

were incubated at 20 + 1°C in darkness for 10 days, and the num-
ber of D. rabiel colonies growing on the agar plates was counted.
The number of conidia per pycnidium was estimated from the
mean number of colonies @f. rabiel formed per pycnidium in
macerates, assuming that each colony developed from a single co-
nidium. The production of asci and ascospores per pseudo-
thecium was determined for 60 selected pseudothecia in which
the asci appeared to be mature, with the ascospores well dif-
ferentiated (stage 5). Pseudothecia were squashed on microscope
slides, stained with lactophenol-acid fuchsin, and examined under

To estimate ascospore production within pseudothecia, strips of
tissue colonized by pseudothecia were placed on 2% water agar
(WA: 20 g of agar, 1 liter of deionized water) until they covered a
4-cm? area. The WA block was attached to the inner surface of the
lid of asterile petri plate, ascogpores were dlowed to discharge down-
ward onto WA or into sterilized water in darkness at 20 + 1°C for
24 h, and discharged ascospores were counted.

a microscope at 400

Data analyses. Data were analyzed by standard analysis of var-
iance, using factorial treatment designs in which time of sampling
and location were treatment factors A and B, respectively. In the
analysis of the extent of saprophytic colonization, the 2-week and
1-month assessments were the sample units. Analyses of the den-
sity of fruiting bodies and the number of conidia per pycnidium

The number of fungal fruiting bodies (pycnidia and pseudowere performed, using the four assessments made at 2-month in-
thecia) per square centimeter of tissue (fruiting body density) antdrvals as sample units. Trend analysis, based on orthogonal poly-
spore production in pycnidia were determined in pieces of stemomials for treatments with equal intervals for time of sampling
debris sampled 2, 4, 6, and 8 months after placement on the s@), were carried out for each plot and season. Analyses of the
surface. To determine fruiting body density, stem pieces were olmumber of asci per pseudothecium were carried out with the

served with a dissecting microscope ak86ruiting bodies in
five microscope fields (1.91 mm? each) from each of six stem

60 pseudothecia sampled as replications. Significant interac-
tions (P < 0.05) were analyzed by partitioning the interaction

TABLE 1. Analysis of variance with orthogonal single degree-of-freedom contrasts for the effect of plot location on production of pseudothecia, pycnidia, and
spores of Didymella rabiei on chickpea stem debris incubated on the soil surface at different locations in southern and northern Spain

Density of fruiting bodies? Spores/fruiting body

Compared Psd Pyc Asc/Psd® Con/Pyct Degenerate Psd®
locations? F P F P F P F P F P
1987-1988 season

Co versus Gr 5.03 0.031 7.63 0.009 143.55 <0.001 8.19 0.001 3.35 0.084
1988-1989 season

Ca, Co, GrversusVa 1.39 0.242 11.90 0.001 78.77 <0.001 1.40 0.246 5,51 0.022

Ca, Co versus Gr 14.62 <0.001 0.92 0.340 113.95 <0.001 178.20 <0.001 11.46 0.001

Caversus Co 5.80 0.018 0.47 0.493 13.69 <0.001 20.10 <0.001 7.34 0.009

GrversusVa 10.05 0.002 5.12 0.026 1.19 0.276 45.45 <0.001 0.01 0.970
1989-1990 season

Co, Gr versusVa 0.22 0.648 0.01 0.943 273.04 <0.001 96.01 <0.001 3.76 0.059

Co versus Gr 11.95 0.001 1.35 0.249 26.25 <0.001 186.56 <0.001 6.01 0.018

GrversusVa 452 0.038 0.27 0.606 138.06 <0.001 23455 <0.001 0.21 0.653
1990-1991 season

Ca, Co, Gr versusVa 17.86 <0.001 0.07 0.791 80.16 <0.001 1,107.82 <0.001 6.06 0.017

Ca, Co versus Gr 244 0.122 0.22 0.643 75.44 <0.001 118.91 <0.001 11.03 0.002

Caversus Co 16.38 <0.001 0.18 0.675 2.54 0.112 5.45 0.026 8.86 0.004

Gr versusVa 6.50 0.013 0.24 0.629 5.25 0.023 435,99 <0.001 0.01 0.926
1991-1992 season

Ca, Co, Gr versusVa 0.50 0.482 1.08 0.302 39.73 <0.001 0.18 0.676 11.10 0.002

Ca, Co versus Gr 1.59 0.211 0.91 0.343 41.99 <0.001 268.99 <0.001 12.83 0.001

Caversus Co 0.32 0.572 1.39 0.242 9.55 0.002 47.49 <0.001 0.46 0.498

Gr versusVa 0.02 0.880 0.09 0.767 1.96 0.163 83.27 <0.001 0.43 0.517

a Ca = Cédiz; Co = Cordoba; Gr = Granada; Va = Valladolid. Cadiz, Cérdoba, and Granada are located in southern Spains \ladlatdalith northern Spain.
b The number of pseudothecia (Psd) and pycnidia (Pyc) formed on stem debris was determined from 120 stereo microscdg fi&lé% mm? each).
¢ The number of asci per pseudothecium (Asc/Psd) was determined for 60 pseudothecia at the developmental stage of asci with differentiated ascospores (pseu-

dothecia maturity index stage 5).

d The number of viable conidia per pycnidium (Con/Pyc) was determined for 240 pycnidia. Pycnidia were macerated in sterile water, and diluted suspensions were

plated on acidified water agar.

¢ Percentage of degenerate pseudothecia (Psd; lumen of pseudothecium was granular, sometimes with a few globose cells or malformed ascospores) from 420
pseudothecia examined during the 1987-1988 season and 720 examined during each of the other seasons in the study.
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sum of squares. Orthogonal, single degree-of-freedom contrasts ~ pycnidia and pseudothecia within 4 to 8 weeks after placement of
were computed to analyze the effect of plot location (4). Con- debris on the soil surface. The density of fruiting bodies that
trast statements for location were constructed by geographic developed was influenced primarily by season; smaller differences
region, as well by average temperatures for locations within re- were found among locations (Fig. 1A and B).
gion. Data were analyzed using Statistix 1.0 win (Analytical Soft- Overall, the density of pycnidia developing on debris was similar
ware, Tallahassee, FL). across the seasons, except for the 1990-1991 season, which had
Nonlinear regression analyses were carried out to describe pseu- the lowest density of pycnidia (Fig. 1A). Similarly, the density of
dothecial maturation progress data for each location and season. pycnidia formed on stem debris was not significantly different (
The least-squares program for nonlinear models (NLIN procedure  0.05) among locations within a season, except for the 1987-1988
with Marquardt's compromise method) of Statistical Analysis Sysand 1988-1989 seasons. A significan®y<( 0.05) higher density
tem 6.11 (SAS Institute Inc., Cary, NC) was used to obtain estf pycnidia formed on debris located at Cérdoba (southern Spain)
mates of parameters in the model. Coefficient of determinatioduring the 1987-1988 season and at Valladolid (northern Spain) dur-
(R?), standard error (SE), significance of estimated parameters, ainty the 1988-1989 season (Fig. 1A; Table 1). Sampling date did not
pattern of residuals plotted against expected values were usedimfluence the density of pycnidia formed on stem debris across
assess the goodness-of-fit of the data to the model (1). The faeasons, except for 1987-1988, in which a significBrt 0.05)
lowing form of the logistic model was fitted to the datéP = quadratic trend for pycnidia density over time was found (Table 2).
k/{1 + exp[-B(CDD - d)J}, in which MP is the percentage of ma-  The density of pseudothecia formed on stem debris was higher
ture pseudothecid is the asymptoted is the rate parameted;is  during the 1987-1988, 1989-1990, and 1990-1991 seasons compared
the location parameter; ai@DD is the cumulative number of Cel- to the other seasons studied (1988-1989 and 1991-1992) (Fig. 1B).
sius degree days, using a base temperature of 0°C. Degree-ddthough there were large differences among locations, in general
accumulation was calculated by computing the mean of the maxthe lowest density of pseudothecia formed on stem debris located
mum and minimum daily air temperatures on rainy days (1 mm dh plots at Cadiz and Cérdoba (southern Spain) compared to those
rain), beginning with the day chickpea stem debris were placed dormed on stem debris located at Granada (southern Spain) and
the soil surface each season. Meteorological data were obtaingdlladolid (northern Spain) (Fig. 1B; Table 1). No significant trend
from meteorological stations located 0 to 4 km from the experi¢P > 0.05) was observed for the density of pseudothecia over
mental plots. To statistically compa#P progress curves, the es- the four assessment dates, except for a signifidart .05)
timated values and confidence intervad?s= 0.05) for nonlinear negative linear trend at Cadiz during the 1990-1991 season

parameterf andd were used (1). and a significantR < 0.05) quadratic trend at Valladolid dur-
ing the 1988-1989 season and at Granada during the 1990-1991
RESULTS season (Table 2).

In general, the density of pseudothecia that formed on stem de-

Production of fruiting bodies of D. rabiei on chickpea stem bris was higher than that of pycnidia. The average percentages of
debris. D. rabiei grew saprophytically on pieces of infested pseudothecial density with respect to the density of all fruiting

chickpea stem debris overwintering on the soil surface and formdusbdies formed on stem debris were 67, 63, 71, and 60% at Cadiz,

TABLE 2. Trend analysis? based on orthogonal polynomials for the effect of sampling date on production of pseudothecia, pycnidia, and conidia by Didymella
rabiei on chickpea stem debris incubated on the soil surface at different locations in southern (Cadiz, Cérdoba, and Gran#uenafvélfexdolid) Spain

Density of fruiting bodie%

Pseudothecia Pycnidia No. of conidia/pycnidiurh

Location F P Trend F P Trend F P Trend
1987-1988 season

Coérdoba 2.23 0.116 ns 9.75 <0.001 L,Q 15.52 0.001 Q

Granada 2.42 0.096 ns 3.71 0.028 L,Q 258.90 <0.001 All
1988-1989 season

Cadiz 2.28 0.110 ns 0.83 0.493 ns 76.21 <0.001 All

Coérdoba 0.80 0.508 ns 1.85 0.171 ns 165.94 <0.001 L,C

Granada 1.14 0.357 ns 2.57 0.083 ns 4.90 0.032 L

Valladolid 5.75 0.005 Q 2.02 0.143 ns 59.85 <0.001 L,Q
1989-1990 season

Coérdoba 0.81 0.501 ns 1.03 0.401 ns 39.45 <0.001 All

Granada 0.86 0.479 ns 1.93 0.158 ns 64.29 <0.001 All

Valladolid 0.19 0.901 ns 1.01 0.409 ns 172.03 <0.001 All
1990-1991 season

Cadiz 4.63 0.013 L 2.28 0.110 ns 43.25 <0.001 All

Cérdoba 1.38 0.277 ns 0.28 0.842 ns 141.37 <0.001 All

Granada 3.61 0.031 Q 1.72 0.194 ns 66.43 <0.001 All

Valladolid 0.64 0.600 ns 2.63 0.079 ns 440.34 <0.001 All
1991-1992 season

Cadiz 1.39 0.274 ns 1.71 0.198 ns 7.66 0.010 L

Coérdoba 0.28 0.841 ns 1.16 0.348 ns 2.78 0.110 ns

Granada 1.31 0.298 ns 2.60 0.081 ns 89.84 <0.001 All

Valladolid 2.40 0.098 ns 1.93 0.157 ns 1.54 0.277 ns

ans = no significantf > 0.05) trend; L = significanR < 0.05) linear trend; Q = significar® € 0.05) quadratic trend; C = significaft£ 0.05) cubic trend; All = L,

Q, and C all significantR < 0.05). Stem debris was sampled 2, 4, 6, and 8 months after placement on the soil surface at each location and durory each seas
b The number of pseudothecia and pycnidia formed on stem debris was determined from 120 stereo microscopicXi¢1d81an86 each).
¢ The number of viable conidia per pycnidium was determined for 240 pycnidia. Pycnidia were macerated in sterile water, and diluted suspensions were plated

on acidified water agar.
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Cérdoba, Granada, and Valladolid, respectively, and ranged from The mean number of asci formed per pseudothecium varied among
45 to 88% during the five seasons studied. Only during the 1988easons. However, for each season a significapy(.05) lower
1989 season was the density of pycnidia formed slightly higher thavumber of asci per pseudothecium developed on stem debris lo-
that of pseudothecia (Fig. 1A and B). cated at Cadiz and Cdrdoba compared to the number observed at

Spore production in pycnidia and pseudothecia. Both the num-  Granada and Valladolid (Fig. 1C; Table 1). During the seasons
ber of viable conidia produced per pycnidium and the number dftudied, the mean number of asci formed per pseudothecium on
asci that developed per pseudothecium were significdtyQ.05)  stem debris located at Cadiz, Cdrdoba, and Granada represented
influenced by season and location in the study (Fig. 1C and [B5, 42, and 75%, respectively, of the mean number of asci formed
Table 1). per pseudothecium on debris located at Valladolid.

The number of viable conidia produced per pycnidium was high- Phenology of pseudothecial development. Important differ-
est during the 1988-1989 and 1989-1990 seasons, decreased slightizes were observed in the phenology of pseudothecial develop-
during the 1987-1988 season, and was lowest during the 1998ent ofD. rabiei on infested chickpea stem debris among experi-
1991 and 1991-1992 seasons (Fig. 1C). In each season, the numiental locations and seasons (Fig. 2). Differentiation of pseudothecial
of viable conidia produced per pycnidium was higher on stem denitials (stage 1) occurred within 2 to 4 weeks of placement of
bris located at Granada and Valladolid than the number for debrisfested stem debris on the soil surface. Subsequently, pseudo-
located at Cadiz and Coérdoba (Fig. 1C; Table 1). Conidia produgaraphyses developed to fill the lumen of pseudothecia (stage 2).
tion per pycnidium varied with sampling time, with the number ofStage 2 occurred during December 1987 and 1989 and January
viable conidia per pycnidium showing a significaft £ 0.05) 1988, 1990, and 1991. Furthermore, large differences in subse-
nonlinear trend over time (Table 2). Nevertheless, no specific trerglient pseudothecial development among experimental locations
was associated consistently with locations or seasons in the studyd seasons were observed (Fig. 2).
(Table 2). Frequently, maximum and minimum numbers of viable Pseudothecial developmentDdf rabiei at Cadiz (southern Spain),
conidia produced per pycnidium were observed in pycnidia sampleéte warmest of the experimental locations, was very irregular and
4 and 8 months after stem debris was placed on the soil surfactffered greatly from development observed in the other locations
respectively (data not shown). (Fig. 2). Frequently, pseudothecia degenerated, and production of
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Fig. 2. Pseudothecial development of Didymella rabiei on chickpea stem debris incubated on the soil surface at different locations in southern (Cadiz, Cérdoba,
and Granada) and northern (Valladolid) Spain during five crop seasons (1987 to 1992). At 1-month (1987-1988 season) 198Bw@éR92 seasons) inter-

vals, at least 50 pseudothecia were examined. Pseudothecia were rated according to internal stage of developmentmstég@sgstathecial initial; stage 2,
pseudoparaphyses filling the lumen of the pseudothecium; stage 3, appearance of asci among pseudoparaphyses; stageddbwascofdemt not dif-
ferentiated; stage 5, asci with ascospores forming or completely formed and mature, very few pseudoparaphyses remaniagpsyage half-empty asci

and released ascospores; and stage 7, empty pseudothecium, all ascospores discharged.
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mature ascospores was very limited (Fig. 1E; Table 1). In degen- ascospores. Either asci- or ascospore-like structures developed within
erate pseudothecia, after development of pseudoparaphyses, the in- degenerate pseudothecia. Mature ascospores developed at this lo-
terna content of the pseudothecial lumina became granular, and cation from the beginning of February to mid-March during the 1988-
pseudoparaphyses were mixed with globose structures and malformed 1989 and 1990-1991 seasons (Fig. 2). During the 1989-1990 season,
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Fig. 3. Pseudothecial developmentifdymella rabiei on chickpea stem debris incubated on the soil surface at different locations in southern (Cadiz, Cérdoba,
and Granada) and northern (Valladolid) Spain. Upper panel: increase of mature pseudothecia over cumulative number afr€eldaysdbase 0°C), com-

puted using the mean of the maximum and minimum daily air temperatures on rainygHags (of rain). The solid line represent the predicted mature
pseudothecia progress curve calculated by the logistic model. Lower panel: ascospore discharge from stem debris planddionslsuitable for ascospore
release. Years indicate crop season.

TABLE 3. Nonlinear regression analysis for fitting the increase in the percentage of mature pseudothecia of Didymella rabiei over Celsius degree-day ac-
cumulation on rainy daysto the logistic model for chickpea stem debriswith D. rabiei incubated on the soil surface at different locations in southern (Cadint@or
and Granada) and northern (Valladolid) Spain

Statistic8 Parameter estimates

Location MSE R? k (SE) B (SE) 4 (SE) Residual plots
1987-1988 season

Coérdoba 70.2079 0.967 100 (0.00) 0.0190 (0.0054) 364.5 (0.03) R?

Granada 44,5195 0.982 100 (0.00) 0.0376 (0.0103) 224.2 (6.85) R
1988-1989 season

Cadiz 2.6634 0.999 100 (0.00) 0.0513 (0.0027) 533.1 (1.17) R

Coérdoba 18.2001 0.993 100 (0.00) 0.0472 (0.0054) 488.4 (0.72) R

Granada 10.5281 0.996 100 (0.00) 0.0666 (0.0098) 355.6 (0.01) NR

Valladolid 9.4889 0.996 100 (0.00) 0.0688 (0.0168) 198.8 (0.01) R
1989-1990 season

Coérdoba 71.0031 0.987 100 (0.00) 0.0309 (0.0059) 798.4 (6.55) R

Granada 68.3828 0.962 100 (0.00) 0.0160 (0.0031) 501.0 (8.78) R

Valladolid 221.3713 0.967 100 (0.00) 0.0470 (0.0138) 421.9 (8.55) R
1990-1991 season

Cadiz 24.5445 0.991 100 (0.00) 0.0419 (0.0007) 776.2 (4.40) R

Cérdoba 0.0212 0.999 100 (0.00) 0.0603 (0.0004) 551.9 (0.06) R?

Granada 22.8308 0.992 100 (0.00) 0.0326 (0.0050) 439.1 (0.01) R

Valladolid 129.8556 0.948 100 (0.00) 0.0298 (0.0081) 355.5 (10.83) R
1991-1992 season

Cérdoba 50.8749 0.974 100 (0.00) 0.0274 (0.0051) 436.0 (6.22) R

Granada 73.5106 0.961 100 (0.00) 0.0118 (0.0020) 410.5 (0.01) R

Valladolid 4.4687 0.996 100 (0.00) 0.0247 (0.0022) 342.6 (2.71) NR

aMSE = final mean square errdR? = coefficient of determination.

b |ogistic model fitted to the datdP = k/{1 + exp[-3(CDD - d)}, in which MP is the percentage of mature pseudothdcia;the asymptoteB is the rate
parameterd is the location parameter; a@DD is the number of Celsius degree-days accumulated on rainy days, using a base temperature of 0°C. SE = stan-
dard error.

¢ Standardized residuals plotted agaMt values observed or predicted from nonlinear regression analysis. Letters indicate patterns of residuals with a random
scatter (R), nonrandom scatter (NR), or scarcely discernible scatter (R?) after visual inspection of residual plots.
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heavy rains occurred in the Cadiz experiment area, causing partigficant (P > 0.05) linear regression was observed between the aver-
destruction of the experimental plot, as a result the data for thege mean temperature and the rate paran{géF (= 0.22;P =
period were discarded. 0.6441). The location parameté&) @nd the number of asci formed

The phenology of pseudothecial developmenDofabiei on  per pseudothecium were directly or inversely proportional, respec-
infested stem debris was more regular at the other experimentalely, to the average mean temperature during the time period of
locations in this study. During the first four seasons, 1987 to 199bseudothecia maturation (Fig. 4A and B).
differentiation of asci and ascospores (stage 5) occurred from late-
January and the beginning of February at Cérdoba and Granada
(southern Spain), respectively, until the beginning of March at
both locations (Fig. 2). At Valladolid (northern Spain), mature asci The aim of our research was to determine the phenolo@y of
and ascospores formed from late to mid-March. Conversely, durabiel development on chickpea debris under diverse field condi-
ing the 1991-1992 season, this same pseudothecial developmertahs in the main chickpea-growing regions of Spain. Results in-
stage occurred at the beginning and during mid-May at Cérdoldicate thatD. rabiei can extensively colonize naturally infested
and Granada, respectively, and during early June at Valladolichickpea stem debris left on the soil surface in these regions and
(Fig. 2). Degeneration of pseudothecia also was observed on stéonm both viable pycnidia and pseudothecia. Both the extensive
debris overwintering at Cérdoba. At Cérdoba, the percentage ablonization of debris and differentiation of pseudothecia initials
degenerate pseudothecia ranged from 1.9 to 11.5% during the fieecurred regularly across locations. Ascospore maturation occurred
seasons studied (Fig. 1E). Abnormal pseudothecial development wasinly from late January to late March, and maximum discharge
rarely observed at Granada and Valladolid, where the level of def ascospores occurred within 2 to 4 weeks of ascospore matur-
generate pseudothecia ranged from 0.4 to 3.5% (Fig. 1E; Table 13tion.

In all locations and seasons studied, maximum ascospore dis-The occurrence of the teleomorphic stagé.ofabiei on over-
charge from stem debris occurred 2 to 4 weeks after pseudothegiintering chickpea debris has been reported in different geo-
reached ascospore maturation (stage 5). Low discharges of asgoaphic areas of the world (5,6,8-14,28). However, studies on pseu-
spores were obtained during the 2- to 3-week periods previous addthecial development and maturation under field conditions are
subsequent to the date of maximum ascospore discharge, respearce. In Greece, immature and mature pseudothecia were observed
tively (Fig. 3). Ascospore discharge decreased drastically after reaain overwintering chickpea debris by the end of January and
ing maximum levels and was scarce or nil by June or, exception-
ally, by July 1992. After exhaustion of pseudothecia, no more

DISCUSSION

ascospores were produced, and pseudothecial walls degenerated.

900

For each season in the study, the highest discharges of ascospores | Locality

were obtained from pseudothecia that developed on stem debris ¢ Cadiz ¢ ® A
overwintered at Granada and Valladolid, whereas the lowest asco- 750 ® Cérdoba

spore discharges were obtained from debris overwintered at Cor- 1 a Granada

doba and Cadiz (Fig. 3). 6004 o Valladolid

Pycnidia and pseudothecia &% rabie did not develop on
healthy chickpea stem debris incubated next to the stem debris of
naturally infected chickpea stems. However, saprophytic coloniza-
tion by several other fungi was observed. Genera more frequently
observed includedlternaria, Chaetomium, Leptosphaeria, Mycos-
phaerella, Pleospora, andSachybotris.

Table 3 shows the parameter estimates and related statistics for
logistic fits to the increase over cumulative degree days in the per-
centage of mature pseudothecialnfrabiei that developed on

Locational parameter (3)

450
300
150

0

stem debris incubated at different locations and seasons. The logistic
model adequately described MIP progress data (Table 3R 300
ranged from 0.948 to 0.999, and there was no discernible pattern £
in the distribution of residuals for most of thi® progress curves = | B
(Table 3). $ 250~
There was no evidence for any effect on the asymptote param- 35 -
eter due either to season or location in the study (Table 3). The -8 200
asymptote value reached 100% of mature pseudothecia fdPall g |
progress curves (Table 3). However, both season and location strongly @
influenced the ratej and location §parameters (Fig. 4; Table 3). E‘ 150+
Except for minor differences, estimates pfand & showed an 2 ]
overall trend of significantR < 0.05) increase and decrease, re- S 100
spectively, for equations fitted to data obtained from stem debris @ ,
located at Cadiz, Cdrdoba, Granada, and Valladolid, in that order .,“_’ 50
(Fig. 3; Table 3). ° I
When the logistic nonlinear parameter estimafear(dd) for o 1 Y=385.68-22.25*TEMP, R2=0.678
the MP progress curves were pooled, linear regression analyses =z 0 ] — . . —

showed a significant relationship between the average mean tem-
perature (degrees Celsius) during the time period of pseudothecia
maturation and both the location parametgr(F = 14.91;P =

0.0017;R? = 0.516) (Fig. 4A) and the number of asci that devel-_

6

8

\
10

\
12

i
14

Temperature (°C)

16

oped per pseudotheciurf € 29.28;P < 0.0001:R2 = 0.678) (Fig. Fig. 4. Relationship between the average mean temperatures during the time

. . . . eriod of pseudothecia maturation and A, the location parameter and B, the
4B). The time period of pseudothecia maturation extended from e of asci developed per pseudothecia of Didymella rabiei on chickpea

the day of stem debris placement on the soil surface until the estem debris incubated on the soil surface at different locations and during sea-
mated date by which 50% of pseudothecia were mature. No Sigens in southem (Cadiz, Cérdoba, and Granada) and northern (Valladolid) Spain.
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during February, respectively (28). In the U.S. Pacific Northwest,
the teleomorph developed extensively on overwintering chickpea
crop residues. Pseudothecia appeared during early fall, matured
during fall and winter, and produced ascospores during spring
(23). Mature pseudothecia also were observed during spring in
Bulgaria (13) and Hungary (14). Our results on maturation of
pseudothecia and production and release of ascospores from in-
fested chickpea debris differed from those reported in Greece.
Zachos et al. (28) indicated that mature pseudothecia with asco-
spores remained functional on chickpea debris for more than one
season. The mild fall and winter temperatures and low rainfall in
the region of study in Greece in 1961 (28) may explain these dif-
ferences.

Severa similarities and differences can be observed when com-
paring the phenology of D. rabiel pseudothecial development with
that of other ascomycetes, e.g., Venturia inaequalis. In our study,
pseudothecial development of D. rabiel proceeded uninterrupted
after pseudothecia initials formed on infested chickpea debris. No
constitutive dormancy was observed during any of the develop-
mental stages, in contrast to the development of asci of V. in-
aequalis, which is initiated only after a dormant period, during
which there is no observable development in the lumina of the
pseudothecia (7). The development of pseudothecia of D. rabiei
was correlated significantly with the environmental conditions pre-
vailing at each experimenta location during each season. Thus,
the period of time required for pseudothecial maturation and asco-
spore production was determined by the mean average tempera-
ture and rainfall during that period. In our previous studies under
laboratory conditions (16,18), relative humidity was the limiting
factor for pseudothecia development of D. rabiei. No develop-
ment of pseudothecia occurred in air-dried chickpea stems, and
mature pseudothecia were observed only in chickpea stems incu-
bated at continuous 100% RH or aternating 100 and 34% RH.

The importance of moisture for pseudothecial development of
D. rabiei was noted several times during the 5 years of this field
study. No further pseudothecial developmental progress was ob-
served during dry periods, and the latest pseudothecia develop-
ment occurred during years for which rainfall during spring was
lower than that during average years. Thus, delayed ascospore
maturation occurred with prolonged dry periods a Valladolid (nor-
thern Spain) during the 1988-1989 season and at Granada (south-
ern Spain) during the 1989-1990 season. Also, delayed ascospore mat-
uration occurred when rainfal was below normal and irregularly
distributed at all locations during late winter and spring of the
1990-1991 season and especially during the 1991-1992 season (Fig.

rainfall during the period of pseudothecial maturation (Fig. 4B).
Under controlled conditions (16,18,23), if relative humidity was
favorable for the initiation and development of pseudothecia of
rabiei, the optimum temperature for pseudothecial maturation ranged
from 5 to 10°C. Most pseudothecia degenerated at 15°C, and all
failed to produce asci and ascospores at 20 and 25°C (16,18,23).
Average mean temperatures for the time period of pseudothecial
maturation during the seasons in our study were 8.8, 10.0, 13.0,
and 14.3°C, at Valladolid, Granada, Cérdoba, and Cadiz, respec-
tively. Therefore, favorable temperatures for pseudothecial devel-
opment occurred more frequently at Valladolid and Granada com-
pared to Coérdoba and Cadiz. Low temperature and a relatively
long incubation period are requirements for sexual reproduction in
many plant-pathogenic members of ascomycotina (15), and the
genusDidymella is no exception (3), although some very well-
known plant-pathogenic species, suchDasbryoniae, D. liguli-

cola, andD. pinodes, do not share these requirements (2,20,25).

Fall-winter and early-spring sowings of chickpeas are more
exposed to airborne ascospore inoculunDofabiei than tradi-
tional late-spring sowings, because the time period of the earlier
sowings coincides with ascospore production by the pathogen on
chickpea debris (23,24). Nevertheless, our results show that asco-
spores can be an important primary inoculum for traditional spring
sowings of chickpea in Spain and perhaps in other chickpea-
growing areas in the Mediterranean Basin with similar climatic
conditions. During the 5 years of our study, there was a remnant
of ascospores whose release coincided with the early vegetative
stages of late spring-sown chickpea crops.

In crop seasons with below-normal precipitation during the fall-
winter period, pseudothecia maturation and ascospore release are
delayed until mid- or late spring, ensuring good synchronization
between ascospore availability and vegetative stages of spring-sown
chickpea. Ascospores are released when environmental conditions
are favorable for development of the disease, which increases their
efficiency as primary inoculum for Ascochyta blight epidemics.

In summary, the traditional cycle of pathogenesis, which con-
siders splash-dispersed conidia release from pycnidia on seeds, crop
debris, and volunteer plants as the only primary inoculum for As-
cochyta blight, needs to be modified for the major chickpea-grow-
ing regions in Spain to account for production of airborne asco-
spores on chickpea debris. Therefore, new disease management
strategies are needed to reduce or prevent production of asco-
spores on chickpea crop residues and their dispersal to distant,
healthy chickpeas.

2). In contrast, ascospores matured earlier at Cérdoba during the

19871988 season, where frequent heavy rainfall occurred during

winter (Fig. 2). Moisture also was essential for pseudothecial initi-

ation and development &f inaequalis. In field experiments (7),

pseudothecial development Wf inaequalis was correlated with  from Junta de Andalucia, and AGR 89-0260 from Comision Intermin-

rainfall and high relative humidity, and as for rabiei, dry per-  isterial de Ciencia y Tecnologia of Spain.

iods or below normal rainfall delayed ascospore maturation (7,27).

Ascospore discharge . rabiei was stimulated by rainfall (23),

and therefore, the time span of this phase was regulated by the fre-

quency of rains. L . 1. Campbell, C. L., and Madden, L. V. 1990. Introduction to Plant Disease
When moisture was not a limitation, temperature in our field  Epidemiology. John Wiley & Sons, New York.

study had a major influence on pseudothecial developmebt of 2. Chiu, W. F, and Walker, J. C. 1949. Morphology and variability of the

rabiei. The number of, and spore production in, pycnidia and pseu- cucurbit black rot fungus. J. Agric. Res. 78:81-102.

dothecia was lower at the warmest locations in southern Spair- g‘);%"."g’??"&iﬁ Recherches sur le genre Didymella Sacc. Phytopathol.

(Cédiz and Cérdoba) compared to those ir] the coiolest locations ip Gomez, K A. and Gomez, A. A. 1984, Statistical Procedures for Agri-

southern (Granada) and northern (Valladolid) Spain. Nevertheless, cyitural Research. 2nd ed. John Wiley & Sons, New York.

although major differences were observed in the development 0. Gorlenko, M. V., and Bushkova, L. N. 1958. Perfect stage of the causal

pseudothecia (Figs. 2 and 3) and the quantitative production of agent of ascochytosis of chickpea. Plant Prot. Moscow 3:60 (In Russian).

pseudothecia and ascospores (Fig. 1B and D), a narrower range &f Haware, M. P. 1987. Occurrence of perfect state of Ascochyta rabiei in

variation was observed for the production of pycnidia and conidia, z:qi; 'T-Fg:hiacr'\‘(?g{\t‘g\’gf 1B7321%g(21 Evironmentl factors influencing
(Fig. 1A and C). . . J R, , T. B. .

. . . . pseudothecial development and ascospore maturation of Venturia inae-
The time required for pseudothecial maturation and ascospore qualis. Phytopathology 72:1073-1080.

production was correlated with the average mean temperature argl Jiménez-Diaz, R. M., Navas-Cortés, J. A., and Trapero-Casas, A. 1987.
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