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and temperate x tropical commercial and precom-
mercial hybrid maize germplasms. We developed and 
validated a 7-score severity scale. The characteristic 
symptom of S. kunkelii infection occurs earlier in the 
temperate germplasm than in the tropical x temper-
ate germplasm. The performance of two of the four 
temperate germplasms was remarkable compared 
to the hybrids. Severity and pathogen concentration 
were correlated with each other, and both correlated 
with yield and with yield reduction. The moment of 
appearance of the characteristic disease symptom did 
not correlate with the other attributes. The severity 
index and the pathogen concentration may be useful 
to evaluate germplasm.

Keywords Zea mays · Corn stunt · Dalbulus 
maidis · Mollicute

Introduction

Corn stunt disease is one of the most important dis-
eases in warm subtropical areas of the Americas, 
extending from the southern United States to Argen-
tina and periodically causing reduced yields (Carpane 
et al., 2012; E. De Oliveira et al., 2003; Galvão et al., 
2021; Gimenéz Pecci et al., 2014; Pérez López et al., 
2016).

The disease is caused by three agents, Maize ray-
ado fino virus (MRFV), and the mollicutes Maize 
bushy stunt phytoplasma (MBSP) and Spiroplasma 
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kunkelii Whitcomb et al., and these may act alone or 
in association. All three are transmitted in a persistent 
propagative manner by the insect Dalbulus maidis De 
Long and Wolcott (Hemiptera: Cicadellidae).

S. kunkelii was first detected in Argentina in 1991 
(Lenardon et al., 1993), and knowledge of the disease, 
its vectors and hosts have advanced since then (Car-
loni et al., 2013; Carpane et al., 2012; Giménéz Pecci 
et al., 2002; Oleszczuk et al., 2020). The characteris-
tic symptom caused by S. kunkelii consists of chlo-
rotic stripes beginning in the base of leaf blades and 
progressively extending to the apex, usually followed 
by leaf redness (Carpane et al., 2006; Nault, 1980).

Research in different production cycles and crop 
regions of Argentina with hybrids and experimental 
lines concluded that there was a differential response 
to the disease among the hybrids assayed (Caro et al., 
2008; Carpane et  al., 2006; Díaz et  al., 2005; Virla 
et  al., 2004). Antibiosis and antixenosis studies in 
tropical and temperate maize also showed that geno-
types affected the behavior of the D. maidis (Oleszc-
zuk et al., 2020). In temperate hybrids, resistance to 
the disease is quantitative (Márquez Sánchez, 1982), 
but additive effects were observed in tropical hybrids 
(Silva et  al., 2003). Subsequently, dominant rather 
than additive effects were found to be more impor-
tant for resistance (Mendoza et al., 2002; Silva et al., 
2003).

The aim of this study was to develop and validate 
a severity scale, analyze the behavior of eight maize 
hybrids, and identify attributes related to the effect of 
S. kunkelii on yield that would be useful for evaluat-
ing germplasms in maize breeding programs.

Materials and methods

Obtaining inoculum and vector insects

The experiments were conducted in Cordoba 
(-31.467980, -64.147594, Córdoba Province, Argen-
tina) in 2014 and 2015.

The inoculum of S. kunkelii was obtained from 
maize plants with stunting and chlorotic stripes 
on leaves, collected in Charata (-27.202917, 
-61.162753, Chaco Province, Argentina) in the 
2012/13 growing season (Fig.  1). The presence of 
S. kunkelii and the absence of MRFV was later con-
firmed by DAS-ELISA, using antisera developed at 

IPAVE-CIAP-INTA (Giménéz Pecci et  al., 2009). 
The absence of MBSP was verified by PCR with the 
specific primers R16F2, 5’-ACG ACT GCT GCT AAG 
ACT GG-3’ and R16R2, 5’-TGA CGG GCG GTG TGT 
ACA AAC CCC G-3’ (Lee, 1993).

Healthy insect vectors of the species D. maidis 
were reared in a controlled breeding room at a mean 
temperature of 25 °C, on healthy maize plants grown 
in greenhouses. To obtain S. kunkelii-carrying leaf-
hoppers, D. maidis from the colony were left for 3 
days on symptomatic plants to acquire the pathogen. 
These were used in S. kunkelii transmission experi-
ments after three weeks, the latency period for S. kun-
kelii in D. maidis, when they become infective (Car-
pane et al., 2006; Nault, 1980).

Development and validation of scale and severity 
index

The infective insects were put to feed for 3 days 
on 525 maize plants grown in single pots, at a rate of 
three individuals/plant, in V4 stage (15–20 days after 
germination) (Alivizatos & Markham, 1986). Each 
plant was covered with a plastic bottle with ventila-
tion openings protected with voile fabric.

Symptoms associated with S. kunkelii were 
recorded twice a week and, when the plants reached 
the R4 stage (Ritchie & Hanway, 1982), samples, 
consisting of the basal part of one metabolically 
active leaf from the upper third of the plant, were 
collected to diagnose S. kunkelii. These were stored 
at -20 °C until serological analysis by DAS-ELISA, 
according to Giménéz Pecci et  al. (2009). The 
pathogen concentration was measured as antigen 
concentration, indirectly evaluated through relative 

Fig. 1.  Maize leaf blade with typical chlorotic stripes of Spi-
roplasma kunkelii 
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absorbance. This was measured through the opti-
cal density of the reaction under a wavelength of 
405 nm. The samples with an absolute absorbance 
value higher than 0.1, determined by the serological 
test of DAS-ELISA at one hour reaction time, and 
also higher or equal to the mean of six healthy con-
trols plus three times its standard deviation (cut-off 
value), were considered positive (Sutula, 1986). The 
relative absorbance value (quotient between abso-
lute absorbance and cut-off value) was taken so as 
to perform statistical correlations.

All the maize ears of every plant were collected 
when these reached physiological maturation. These 
were threshed, and the grains conditioned in a 
stove until they reached 14% humidity. They were 
weighed to obtain the yield per plant (g/plant).

To study the degrees of damage caused by the 
pathogen in the plant, a severity scale was developed, 
based on studies and previous experience of symptom 
expression in temperate climate (Caro et  al., 2006, 
2008), and validated using relative absorbance and 
yield (g/plant) records (Pearson’s correlation).

Subsequently, an index was elaborated to quantify 
the severity of each analyzed hybrid, considering a 
25% increase in severity for each grade of the scale. 
The disease severity index expressed by the hybrids 
under treatment with infective insects was analyzed 
following the linear model, and the DGC test per-
formed to establish possible differences between 
means with InfoStat v.2020p (Di Rienzo et al., 2020).

Hybrid evaluation

The treatments arose from a factorial combina-
tion of two temperate x tropical and four temper-
ate commercial and precommercial hybrid maize 
germplasms, plus two controls (tropical germplasm: 
Experimental 110 and temperate germplasm: Opaco 
INTA sweet maize), in two association states of D. 
maidis and S. kunkelii (infective and non-infective 
insects). A control without insects was not included. 
The maize hybrids used in the experiment are listed 
in Table  1. A completely randomized three-block 
design was used (sowing dates: Nov 28, Dec 09, 
and Dec 30, 2014) with eight maize hybrids in each 
block. Five were used for the experimental unit, at a 
density of 4 plants/m2.

The same procedure as the one mentioned in 
the development and validation of scale and sever-
ity index was carried out. Subsequently, plants were 
transplanted to soil with a 0.52 m spacing between 
furrows, 0.33 m between plants for the same hybrid, 
and 1 m between hybrids (4 plants/m2). The blocks 
(sowing date) were separated by 1.5 m and the whole 
trial was covered by voile fabric to avoid external 
infection. Fifteen days before transplanting, the soil 
was prepared with an application of pre-sowing her-
bicide, consisting of 3.5 l/ha glyphosate, 1.5 kg/ha 
atrazine, and 0.8 l/ha acetochlor.

Disease severity

When the plants reached the R4 state, the symptoms 
were recorded according to the scale developed as 
above and used to estimate the severity index.

Appearance of the characteristic symptom

The time since transmission and the appearance of 
the characteristic disease symptom (leaf chlorotic 
stripes) was determined. The hybrids were compared 
considering the average day of appearance of the 
characteristic symptom of S. kunkelii after transmis-
sion, for each of the three sowing dates.

Pathogen concentration

When the different hybrids reached the R4 stage, the 
basal part of one metabolically active leaf was taken 
from the upper third of the plant, to diagnose S. kun-
kelii by DAS-ELISA, as previously mentioned. The 

Table 1.  List of the maize types analyzed.

*Widely used in north central Argentina.

TrxTe 1 tropical x temperate germplasm

TrxTe 2 tropical x temperate germplasm
Te 1 temperate germplasm
Te 2 temperate germplasm
Te 3 temperate germplasm
Te 4 temperate germplasm
Experimental 110 tropical germplasm (control)
Opaco INTA* sweet maize - temperate germ-

plasm (control)
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pathogen was considered absent when the absolute 
absorbance value was below the cut-off value.

Yield and yield reduction

To study the yield and yield reduction between treat-
ments for the same hybrid, considering only the effect 
of S. kunkelii since the control treatment was carried 
out with healthy insects, the ears of plants in physi-
ological maturation were harvested, conditioned to 
14% humidity, and weighed to obtain the yield per 
plant (g/plant). The yield reduction was estimated, 
and a Mixed Linear Model was adjusted for the yield 
reduction per hybrid with VarIdent variance structure.

Identification of useful attributes for germplasm 
evaluations

To identify useful attributes in maize breeding pro-
grams, Pearson’s correlation coefficients were esti-
mated pairwise for: a) disease severity, b) moment 
of appearance of the characteristic symptom, c) 
pathogen concentration (antigen concentration indi-
rectly evaluated through relative absorbance in the 
DAS-ELISA serological test), d) yield, and e) yield 
reduction.

All statistical analyses were performed with InfoS-
tat v.2020p (Di Rienzo et al., 2020).

Results and discussion

Development and validation of scale and severity 
index

The study enabled R4 to be identified as the opti-
mal state for registering the symptoms, because up to 
this phenological moment the symptoms increased in 
number and severity, without any of those previously 
registered disappearing, except for the death of the 
plant. The symptoms registered were grouped accord-
ing to the severity observed in the plants on a scale 
of seven scores (Table  2), which was validated by 
Pearson’s correlation (P<0.001) between the relative 
absorbance and yield of 525 maize plants.

Achieving a symptom severity scale that ena-
bles the different degrees observed in the field to 
be expressed is complicated in systemic diseases 
such as the one we are analyzing, and even more so 
in temperate climates where the lower temperature 

conceals the expression of symptoms. Factors such 
as the germplasm and phenology of the crop, inocu-
lum pressure, high commercial hybrid turnover rate, 
among others, add difficulty to the development of 
this type of scales. The one used in this work reflects, 
with high correlation, the effect of pathogen on yield, 
and incorporates premature plant death as a symp-
tom, which is not considered in other scales. It does 
not include the percentage of decrease in height as a 
symptom to be evaluated, because this can be subjec-
tive, depending on each observer.

To make the scale, we recorded the symptoms up 
to R4, in agreement with De Oliveira et  al. (2002), 
who found that the expression of foliar symptoms 
varies between yellowing, redness and intensity of 
redness according to genotype and phenological state, 
with the greatest expression being at R4, the time of 
grain filling. The 5-score scale created by Carpane 
et al. (2006) was based on color changes but included 
the height of the plants with respect to the uninfected 
ones, a criterion that we included in score 5 (inter-
node shortening), where easily observed serious 
symptoms are expressed. Although Caro et al. (2008) 
developed a practical 4-score scale, according to the 
concentration range of the pathogen, this groups the 
more visible symptoms only in one degree and the 
differences between the other degrees of the scale 
are very subtle, making it difficult to observe them. 
De Oliveira et  al.( 2010) established a 5-score scale 
based on the percentage of leaves with symptoms 
associated with the disease, which is probably useful 
in tropical climates, but difficult to apply in temper-
ate or subtropical climates where the expression and 
observation of disease symptoms is more difficult in 
the field.

Table 2.  Corn stunt by Spiroplasma kunkelii severity scale

Score Symptom description

0 Asymptomatic plants
1 Mild chlorosis in upper leaves
2 Reddish and/or necrotic leaf margin (generally lower 

leaves).
3 Yellowish and/or reddish leaf striping (generally upper 

leaves) and/or cut leaf margin.
4 Characteristic symptom: leaf chlorotic stripes of S. 

kunkelii.
5 Internode shortening. Prolificacy.
6 Premature death.
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Using the 7-score scale, each score was weighted 
by an increasing value, forming the following severity 
index, useful for quantifying the severity of the dis-
ease in different germplasms.

where (Sint n) is the number of plants with the 
same score. This methodology, consisting of develop-
ing an index based on a severity scale that evaluates 
symptoms in the entire plant, was used in temperate 
germplasm by Di Renzo et al. (2002) to evaluate Mal 
de Río Cuarto virus (MRCV), a disease also trans-
mitted by hoppers. For Corn stunt, De Oliveira et al. 
(2010) in Brazil also created a disease index based on 
a scale of degrees of severity.

Hybrid evaluation

Disease severity

The disease severity index of each hybrid identi-
fied two significantly different groups: a) Te 3, Te 1, 
TrxTe 1, TrxTe 2, Opaco INTA and Te 4, which reg-
istered the highest disease severity index values, and 
b) Te 2 and Experimental 110, which registered the 
lowest disease severity index values (Fig. 2).

Appearance of the characteristic symptom

The second attribute evaluated was the moment of 
expression of the characteristic symptom. Te 1, Te 2 
and Te 3, of temperate germplasm, were the first to 
express the symptom, 22 days after transmission. Te 
4 and TrxTe 2 did so at 27 days and, finally, Opaco 
INTA, TrxTe 1 and Experimental 110 showed the 

SevIndex = 0 × (Sint 0) + 0.25 × (Sint 1) + 0.5 × (Sint 2) + 0.75

×(Sint 3) + 1 × (Sint 4) + 1.25 × (Sint 5) + 1.5 × (Sint 6)

leaf chlorotic stripes at 35, 38 and 40 days respec-
tively. Thus, temperate germplasm expressed the 
symptom earlier. Different authors reported temporal 
variation in the moment of expression of the charac-
teristic symptom, including Nault (1980) and Sabato 
et  al. (2020) who indicated that high temperatures 
favor its early appearance. Bradfute et  al. (1981) 
and Bajet (1989), in experiments carried out at high 
temperatures, also used this attribute to characterize 
the disease, reporting a period until the appearance 
of the characteristic symptom of between 15 and 30 
days after inoculation. Carpane et al.( 2006), in turn, 
used this attribute to characterize isolates from differ-
ent regions, finding their appearance from 40 to 70 
days, while in our study, under the same experimental 
conditions, the symptom appeared in all germplasms 
before day 40.

Pathogen concentration

The DAS-ELISA serological test confirmed the pres-
ence of the pathogen in all of the plants under infec-
tive treatment and its absence in plants under non-
infective treatment. The analysis of the differences 
among the mean pathogen concentration for each 
hybrid identified three groups: a) Te 3, TrxTe 1, Te 
1 and TrxTe 2 with the higher relative absorbance 
mean values, 6.85, 6.35, 5.93 and 5.88, respectively, 
followed by b) Opaco INTA and Te 4, with 4.61 and 
3.13, and c) Experimental 110 and Te 2 with 2.64 and 
2.03, which recorded the lowest relative absorbance. 
Along with Experimental 110 (control), Te 2 and Te 
4 showed the best performance against the multiplica-
tion of S. kunkelii.

Fig. 2.  Disease severity 
index values for eight maize 
hybrids under artificial 
inoculation conditions with 
Spiroplasma kunkelii, for 
infective insect treatment. 
Exp 110: tropical, control; 
Opaco INTA: temperate, 
control. Different letters 
indicate a significance dif-
ference among treatments 
(P<0.05).
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Yield and yield reduction

Yield (Fig. 3) and Yield reduction (Fig. 4) confirmed, 
for all the analyzed germplasms, that plants treated 
with infective insects always yielded less than the 
control with non-infective insects. In addition, the dif-
ferences observed in the behavior of the maize geno-
types agree with Da Costa et al. (2019), De Oliveira 
et  al. (2002), Sierra Macías et  al. (2010), and with 
Virla et al. (2004) who found, in assays with natural 
infections carried out in Tucuman (Argentina), dif-
ferences in grain production per plant with values 
of 67.59 g/plant to 117.06 g/plant when comparing 
serologically positive plants to negative plants for S. 
kunkelii.

The experiment aimed to suppress the effect of 
the damage produced by the feeding and oviposi-
tion of the insect, which made it possible to analyze 
the reduction in yield of each hybrid that was due 
exclusively to S. kunkelii. Two groups were identi-
fied, in decreasing order of yield reduction: a) Opaco 
INTA, Te 3, Te 1, TrxTe 1 and TrxTe 2, which 
recorded the highest yield losses, and b) Te 4, Te 2 

and Experimental 110 with the lowest yield losses 
(Fig.  4). Because yield losses vary between hybrids 
(De Oliveira et  al., 2007; Teixeira et  al., 2013), this 
attribute is more useful than yield estimation to 
identify germplasms with good performance against 
infection with S. kunkelii.

Considering the severity index, pathogen concen-
tration and yield reduction, hybrid Te 2, indepen-
dently of Experimental 110, proved to be the most 
tolerant germoplasm to infection with S. kunkelii. In 
terms of the time of appearance of the characteris-
tic symptom, hybrid Te 4 performs best against the 
disease.

Identification of useful attributes for germplasm 
evaluations

Under the conditions evaluated, there was no cor-
relation between disease severity and the moment 
of appearance of the characteristic symptom. This 
indicates that the early appearance of symptoms, as 
recorded in the temperate germplasm evaluated, is 

Fig. 3.  Yield means (g/
plant) for eight maize 
hybrids under artificial 
inoculation conditions with 
Spiroplasma kunkelii, for 
infective insect with respect 
to non-infective insect 
treatment. Exp 110: tropi-
cal, control; Opaco INTA: 
temperate, control.

Fig. 4.  Percentage of yield 
reduction for eight maize 
hybrids under artificial 
inoculation conditions with 
Spiroplasma kunkelii, for 
infective insect with respect 
to non-infective insect 
treatment. Exp 110: tropi-
cal, control; Opaco INTA: 
temperate, control.
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not necessarily associated with evolution toward more 
severe symptoms.

A significant correlation (P <0.001) of 0.88 was 
observed between disease severity and pathogen 
concentration for treatments with infective insects. 
Although Oleszczuk et  al. (2020) reported a rather 
inconsistent relationship between symptom severity 
and S. kunkelii accumulation in temperate and tropi-
cal x temperate germplasms, our results agree with 
Virla et  al. (2004) and Gussie (1995) who observed 
a high accumulation of S. kunkelii in plants with 
severe disease symptoms. Carpane et al. (2006) also 
reported that symptom severity is directly related to 
S. kunkelii concentration in the plant.

The correlation between disease severity and yield, 
and that between disease severity and yield reduction, 
were significant (P <0.001) with values of -0.73 and 
0.64, respectively. Similar results were indicated by 
Oleszczuk et al. (2020), who found that yield reduc-
tions are directly related to the severity of symptoms. 
Virla et  al. (2004) also reported a strong relation-
ship between symptom severity and reduced perfor-
mance. On the other hand, Hidalgo et al. (1998) and 
De Oliveira et al. (2002) indicated that hybrids with 
similar symptom severity levels can present different 
yields, which highlights the importance of the genetic 
component in maize against corn stunt by S. kunkelii.

Under the conditions evaluated, no correlation 
was observed between the time of appearance of the 
characteristic symptom and the other attributes (dis-
ease severity, pathogen concentration, yield, and 
yield reduction), and therefore this would not serve 
as a parameter or indicator of the subsequent evolu-
tion of the disease and the damage it could cause. We 
evaluated the time of appearance of the characteris-
tic symptom and not that of any other associated with 
the disease, because, in temperate zones, the other 
symptoms can be confused with nutritional defi-
ciencies, environmental and other effects. However, 
some authors have found correlations for the time of 
appearance of symptoms other than the characteristic 
symptom. Massola et al. (1999b), Scott et al. (1977) 
and Hogenboom (1993) reported yield reductions that 
can reach 100% when S. kunkelii infection occurs in 
the early stages of the crop. Also, Scott et al. (1977) 
obtained a regression line for the moment of appear-
ance of symptoms and yield in different hybrids, in 
assays with natural infections at successive crop 
dates. When the symptoms appeared before Day 52 

after sowing, the yield was null, after Day 52 and for 
every subsequent day until Day 107 the yield gain 
was 1.82%, and after Day 107 there was no yield loss 
at all. Likewise, Massola et al. (1999a) detected a cor-
respondence between the appearance of early symp-
toms, like reddish and yellowish leaf margins and the 
characteristic symptom, and yield reduction.

The correlations between pathogen concentra-
tion and yield, and between pathogen concentration 
and yield reduction were significant (P <0.001) but 
moderate, with values   of -0.67 and 0.55, respectively. 
In all the hybrids analyzed, the pathogen concentra-
tion had a negative effect on yield. Because this is 
a quantitative attribute, it constitutes an important 
tool in breeding programs to early identify hybrids 
with good performance against the disease, enabling 
breeding to become less subjective.

We observed no correlation between yield and 
yield reduction, indicating that there is no direct rela-
tionship between potential hybrid yield and its genetic 
component in response to S. kunkelii.

The use of resistant and/or tolerant hybrids is 
always the most recommended strategy, along with 
other disease management tools such as sowing date 
management, seed treatment with insecticides, chem-
ical or biological control of D. maidis, and elimina-
tion of volunteer maize plants in harvested fields.

Conclusions

– A scale and severity index, suitable for the expres-
sion of symptoms by S. kunkelii in temperate 
germplasm currently cultivated in Argentina was 
developed and validated.

– The characteristic symptom of S. kunkelii infec-
tion (chlorotic stripes at the base of the leaf) 
occurs earlier in temperate germplasm than in 
tropical x temperate germplasm.

– The severity index and pathogen concentration 
increase as yield decreases; they are therefore sug-
gested for evaluating maize germplasms, suitable 
for production in Argentina, against infection by S. 
kunkelii.

– Although the main temperate germplasm used 
currently in Argentina is susceptible to S. kunke-
lii, under the evaluated conditions, the temperate 
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germplasm hybrids Te 2 and Te 4 showed the best 
performance against S. kunkelii.
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