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Abstract

To assess the reaction of maize landrace seedlings to inoculations of Fusarium
spp. derived from different geographic origins, inoculations were performed
to substrates in which seeds were germinated, and the severity of damage and
the degree of resistance and/or tolerance at the seedling stage were later eva-
luated. In this study, 57 populations of maize were collected in the states of
Oaxaca, Puebla, Tlaxcala, Guerrero and Estado de Mexico, Mexico, and at
same time five sources of Fusarium spp. inoculum were obtained. The maize
collection and inocula were then evaluated in a bi-factorial arrangement of
treatments in a randomized complete block design with four replications. Sig-
nificant differences were observed in the virulence of the isolates from each
geographic region (p < 0.01). The inoculum consisting of isolates from Estado
de Mexico proved to be the most virulent, whereas the inoculum from the
state of Guerrero caused the least amount of damage to maize seedlings. The
length of the roots and aerial portions of the seedlings were reduced due to the
effect of the pathogen in comparison with seedlings that emerged in the sub-
strate without inocula. The maize populations responded differently to the
pathogen depending on its geographic origin, as the maize plants expressed
different amounts of damage caused by the various inocula to which they were
subjected. No direct relationship was observed between the virulence of the
inoculum and the resistance/tolerance to the disease of populations from the
same origin; in some cases, such as that of Tlaxcala, pathogens of the same
origin caused more damage to maize from that region.
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1. Introduction

Fusarium species synthesize various mycotoxins that represent a high risk for
human and animal health because Fusarium species have cancerogenic effects
(e.g., Fusarium verticillioides); in cultivated maize, these species cause rot in
seedlings, roots, stems and ears and, consequently, cause a considerable reduc-
tion in grain yields [1] [2] [3] [4]. Therefore, the production of mycotoxins in
maize by Fusarium is a worldwide problem wherever maize is used for human
consumption or for livestock feed.

Mexico is the origin, domestication and center of diversity of maize. Cultural-
ly, maize is the most important crop in economic terms due to its cultivated area
of approximately eight million hectares and in social terms because maize is the
main food for human consumption via a wide variety of dishes and derivate
products of the agroindustry [5] [6]. The largest cultivated area is under rain-fed
conditions with a short and irregular distribution of precipitation (>80% of total
area); this area is planted mainly with seeds of landraces or autochthonous varie-
ties reproduced by the farmers themselves (>70%) [7] [8]. Despite landrace pop-
ulations being highly adaptable, they have a number of problems; the most visi-
ble is damage to ear rot caused by Fusarium spp. [9].

Fusarium fungi cause root and stem rot and premature death of seedlings as
well as ear and stem rot in adult plants, causing 23% to 30% losses in yields [10]
[11] [12]. Until a few years ago, the species Fusarium verticillioides and F. gra-
minearum were reported to be the principal problems; however, in several
countries where maize is grown, the presence of a wide variety of species of Fu-
sarium has been shown to be infecting stems and ears [13] [14]. This finding has
occurred in Africa, where the introduction of maize was relatively recent [15].
The damage from Fusarium not only affects yield but also produces fumonisins,
zearalenone and other mycotoxins that are harmful to human and animal health
[16] [17] [18]. In China, the presence of esophageal cancer has been associated
with eating maize contaminated with Fusarium toxins [1].

Maize seeds and seedlings can be directly invaded by Fusarium spp., which
have been found in the pericarp and internal layers of the kernels, and the pres-
ence of this fungus in the soil can cause systemic infections of the root and stem,
seedling blight and accumulation of toxins [10] [19] [20]. The sowing of maize
in soils with a high moisture content and low temperature increases the presence
of kernel rot and/or blight in the seedlings [21]. The severity of damage varies
based on other causes to the species, virulence of the pathogen and levels of re-
sistance/tolerance in maize genotypes [22].

Maize research has been oriented towards distinguishing the levels of resis-

tance to ear rot caused by F. graminearum or F. verticillioides; however, it has
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not yet been possible to identify any type of genetic action that could guide the
selection of resistant genotypes. For example, inheritance of resistance is re-
ported as being of the additive type, with possible non-additive effects, digenic
or dominant, as well as polygenic. In spite of these difficulties, resistance to two
or more species of Fusarium is not common but has been observed in some cas-

s [23] [24] [25]. Recently, using QTLs, some regions with small effects that
contribute to resistance have been identified and validated [14] [26].

In spite of progress made in the identification of the sources of resistance, it
should be mentioned that in each agroecological niche, maize landraces coexist
with species of Fusarium spp. with varying degrees of virulence and are not al-
ways those same species used to evaluate resistance. In addition, mutualist inte-
ractions of maize populations— Fusarium spp. (plant-pathogen) exist in Mexico
and in every village where maize is cultivated, likely due to coevolution between
the species [27] [28] [29]. In this context, variation in the virulence of isolates of
Fusarium spp. and the susceptibility or resistance of the seedlings of native ma-
ize populations in response to inoculation of Fusarium spp. from different geo-

graphic locations in south-central Mexico was evaluated.

2. Materials and Methods

2.1. Maize Germplasm

In 2010, a sample of 30 to 40 visibly healthy cobs (with no kernel rot) was col-
lected from 57 populations of native maize in the states of Oaxaca, Puebla, Tlax-
cala, Guerrero and Estado de Mexico, Mexico. To complement this sample, a
homologous sample of ears with visible damage caused by Fusarium spp., such
as streaks on the kernel pericarp and/or salmon/pink-reddish-colored mycelia,
was included. Of the total samples gathered, only 33 were homologous to the
healthy populations sampled, and monoconidial isolates were obtained from
those samples (Table 1). To represent each state with isolates from the same
number of locations, seven isolates were chosen randomly that had been identi-
fied morphologically as F. verticillioides, F. graminearum or F. subglutinans, and
a physical mixture was made to be inoculated that represented the state of ori-

gin.

Table 1. Geographic origin of 57 maize landrace populations and 33 Fusarium spp. iso-
lates from the south-central region of Mexico.

Stat Municipalities of origin from the Altitude range No. samples
ate
population of maize and isolates (masl) Maize Fusarium spp.
Tlaxcala Ixtacuixtla, Espafiita, Nanacamilpa, Totolac 2220 - 2720 12 7
Guerrero Chilapa, Cualac, Tixtla, Zitlala. 1498 - 2222 13 7
Puebla Xochitlan, Libres. 1610 - 2400 6 7
Huamelulpan, Tayata, Pefiasco, Tataltepec,
Oaxaca . 2144 - 2290 13 7
Ticua
Estado de A Chalco, Tepetli T 2249 - 2450 13 7
apango, Chalco, Tepetlixpa, Texcoco. -
Mexico yapang P P
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2.2. Increase of Inoculum

Monoconidial isolates of Fusarium spp. were grown separately in Petri dishes
filled with potato dextrose agar medium (PDA). Subsequently, a massive in-
crease of the inoculum was made using whole oat grains that had previously
been soaked for four hours and sterilized in an autoclave (2 hrs. at 20 psi) as
substrate. After the sterile substrate had cooled, a square of PDA from each iso-
late per state was incubated at room temperature under natural light for three

weeks until the substrates were fully colonized.

2.3. Virulence Evaluation of Isolates and the Severity of Damage
to Seedlings

Maize populations were sown in 0.5-L Styrofoam containers filled with a mix-
ture of 1:1.5 or 40:60% (v/v) of oat substrate colonized by the isolates (1.6 x 10°
conidia g™') and with sterilized black soil. A bi-factorial arrangement of treat-
ments was established: five groups of isolates from the states of Estado de Mex-
ico, Puebla, Tlaxcala, Guerrero and Oaxaca plus a control with no inoculum
(factor A) and 57 populations of maize (factor B) distributed in a randomized
complete block design with four replications. Ten maize seeds per population
were used in each experimental unit. The trial was conducted in greenhouse
conditions during the months of August to October 2012 in the facilities of the
Colegio de Posgraduados at Texcoco, Mexico.

The evaluation of the severity of damage to the foliage area and stem of the
maize seedlings was made 30 days after planting based on the scale proposed by
Solano-Baez [30] where 1 = healthy plant, 2 = plant reduced in size, 3 = seedling
with chlorosis and/or blight damage, 4 = seedling with upward-curling foliage,
and 5 = dead seedling or showing more than 90% foliage damage. The seedlings
were then removed from the substrate in order to record the length and weight
of the roots; length and weight of the seedlings or aerial portion; and total fresh
and dry weight of the seedling with the roots. The weighted average of foliage

damage was calculated according to the following formula (Equation (1)):

Weighted average ofdamage(f) =(X, XY, + X, xY, +---+ X ><YS)/T (1)

where X; = number of seedlings in each category of the scale, ¥; = value of the
scale, and 7= (X] + X, + ... + X;), the total number of seedlings in each experi-

mental unit.

2.4. Statistical Analysis

With the information gathered, a database was formed of the treatments and va-
riables evaluated. Then, in order to prove the differences among inocula, maize
populations and the inocula-maize population interactions, analyses of variance
were performed under the experimental design and complemented with mul-
tiple means comparisons using Tukey’s tests (p < 0.05). All the analyses were

performed using SAS statistical software [31].
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3. Results

High variation was observed in the degree of damage to seedlings from maize
populations in response to inoculation of Fusarium spp. isolates from different
geographic origins, and the grade of damage was an indicator of different de-
grees of virulence. The seedlings showed symptoms whose intensity varied from
delay in growth, yellowing of leaves, and less root length to inhibition or delay in
seed germination as part of the pathogenic effect in comparison with the control
plants that showed normal growth without visual damage in terms of the evalua-
tion scale. Significant differences were determined (p < 0.05) among maize pop-
ulations (Po) and among sources of Fusarium spp. inocula (In) for all variables
recorded (Table 2).

3.1. Virulence of the Pathogen by Geographic Origin

All isolates caused various degrees of damage to maize seedlings. In the compar-
ison of inoculum sources (Figure 1), significant differences were recorded based
on variables related to the severity of damage, root and seedling dimensions and
seedling weight. The Fusarium spp. isolates that caused major damage corres-
pond to samples of inocula collected in the southeastern region from the State of
Mexico; in particular to this study, these inocula were considered the most viru-
lent ones because they caused the most damage to seedlings and decreased the
length of roots and aerial portions in comparison with the seedlings of the con-
trol treatment. In contrast, the least virulent inoculum came from Guerrero; this
fungus practically caused no damage, and the inoculated plants were was similar
to controls for all variables recorded.

The results of the damage evaluation show that inoculations of Fusarium dif-
ferentially increased the damage (A, Figure 1) according to inoculum origin.
The inoculations also affected the seedling growth (C, Figure 1); the inoculum
from Estado de Mexico caused the most reduction in the fresh weight of seedl-
ings and reductions in the length of the roots and aerial portions. The inocula

from Guerrero and Oaxaca caused the least damage to the seedlings.

Table 2. Significance of average squares from the variance analysis of seven variables
used to measure the effect of six sources of Fusarium spp. inocula in maize landrace pop-
ulations.

Severity of Root Seedling Total weight

Sources of variance
damage Length  Weight  Length  Weight Fresh  Dry

Blocks 21.90**  6122.47** 546**  10357.58* 9.51** 12.71** 0.87**
Inocula (In) 23.77*  1142.36%*  12.03**  671.18%*  8.63** 39.45%* 0.21**

Maize populations (Po) 0.24* 174.33**  1.61** 251.17**  3.46**  8.70%*  0.21%*

In-x-Po 0.14" 48.67™ 0.23™ 18.64™ 0.23" 0.71" 0.03*
Error 0.17 62.40 0.30 24.08 0.27 0.91 0.03
Coeff. of variation (%) 24.0 33.0 38.0 22.0 30.0 30.0 41.0

"Not significant (p > 0.05); ***Significant at p < 0.05 and p < 0.01, respectively.
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Figure 1. Effect of inocula of Fusarium spp. from different geographic origins on the av-
erage weight and length of seedlings of maize populations. Averages with the same letter
are not different significantly (Tukey’s test, p > 0.05). (a) Visual damage from Fusarium
spp; (b) Fresh weight; (c) Length of root and aerial portion; (d) Total dry weight.
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3.2. Severity of Damage to Maize Landrace Populations

All seedlings that germinated on substrate with inocula had visible damage and
reduced growth, regardless of the geographic origin of the inoculum. This indi-
cates to a certain point that in all Fusarium spp. isolates there are genes for the
synthesis of enzymes that enhance cellular wall degradation of maize seedlings.
This fact was observed by quantifying the severity of damage where a wide varia-
tion in responses was observed, from seedlings with minimum to maximum
damage—the latter being related to severe root rot. The varied responses were an
indicator of the degree of virulence of the pathogens and the polygenic nature of
resistance to Fusarium spp. in maize. In this context, two blocks of populations
were separated, some of them with less damage and others with high damage, in
which the latter were associated with reduced growth and development of seedl-
ings (Table 3, Figure 2).

In general, an inverse correlation was determined between seedling growth
and development and the severity of damage caused by Fusarium. Specifically, a
significant negative correlation was calculated between both root length (r =
—0.45, Student’s t-test p < 0.01) and weight (r = —0.44, Student’s t-test p < 0.01)

and the weighted average of damage caused by Fusarium. Among the popula-

Figure 2. Reaction of maize seedlings to inoculation of Fusarium spp., a) and b) variation
of reactions in damage; d) severe damage and death of seedlings; and d) reaction differen-
tial among maize landrace.
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Table 3. Maize populations with low and high averages of damage in response to Fusa-
rium inoculations regarding seedling growth and development.

N Severity of Roots Seedlings Total weight (g)

ID, Inoculum origin damage Length ~ Weight Length  Weight Fresh Dry
(mm) () (mm) (8

41, Estado de Mexico 1.59 20.97 1.28 24.37 1.76 3.04 0.43

57, Tlaxcala 1.61 25.68 1.60 25.74 2.03 3.59 0.43

03, Tlaxcala 1.64 23.60 1.50 26.30 1.71 3.21 0.32

24, Guerrero 1.66 27.68 1.63 22.50 2.33 3.96 0.59

25, Guerrero 1.66 25.33 1.56 22.00 2.37 391 0.58

45, Estado de Mexico 1.67 26.20 1.58 24.23 1.82 3.40 0.43

50, Puebla 1.67 24.55 1.68 21.05 1.83 3.50 0.40

39, Tlaxcala 1.67 25.32 1.17 23.16 1.39 2.54 0.30

49, Puebla 1.67 24.74 1.71 21.21 1.73 3.45 0.39

46, Estado de Mexico 1.68 27.32 1.69 25.53 1.82 3.52 0.38

37, Tlaxcala 1.69 20.63 1.19 23.71 1.63 2.82 0.39

21, Guerrero 1.69 26.15 1.58 22.55 2.14 3.71 0.55

51, Estado de Mexico 1.69 27.21 1.80 24.00 2.24 4.04 0.51

47, Estado de Mexico 1.70 26.32 1.56 27.00 1.87 3.43 0.43

38, Puebla 1.90 20.20 1.01 21.80 1.39 2.39 0.28

09, Oaxaca 1.91 21.93 1.34 18.40 1.35 2.67 0.34

14, Tlaxcala 1.91 25.05 1.61 24.88 1.90 3.50 0.46

26, Oaxaca 1.91 24.30 1.27 21.18 1.30 2.58 0.31

44, Estado de Mexico 1.91 16.71 0.94 18.36 1.56 2.49 0.50

34, Oaxaca 1.93 19.61 0.67 14.89 0.91 1.58 0.26

11, Tlaxcala 1.96 24.92 1.38 24.08 1.52 2.87 0.33

10, Oaxaca 1.97 23.85 1.33 18.63 1.27 2.60 0.31

30, Oaxaca 1.99 21.45 0.92 15.00 111 2.02 0.29

12, Tlaxcala 2.02 23.93 1.57 24.73 1.61 3.17 0.38

15, Puebla 2.02 23.74 1.38 23.89 1.64 3.02 0.39

13, Tlaxcala 2.03 18.60 0.84 16.85 1.03 1.86 0.29

04, Tlaxcala 2.04 19.75 1.16 21.75 1.71 2.86 0.40

08, Estado de Mexico 2.05 22.03 1.58 24.95 2.62 4.19 0.60

56, Estado de Mexico 2.09 16.50 0.84 18.64 1.32 2.16 0.34

DSH-Tukey (p < 0.05) 0.55 10.75 0.69 6.21 0.68 1.22 0.27

tions identified with most reduced root length and major damage were the maize
populations collected in Tlaxcala and Estado de Mexico and some populations
from Guerrero, Oaxaca and Puebla. However, other groups of populations from
the Estado de Mexico, Guerrero, Oaxaca and Puebla also showed more seedling

growth and development. This finding means that we can find both tolerant and
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susceptible populations in the same region. Therefore, in term of plant breeding,
there is germplasm in each region to start a breeding program. In this context, it
was possible to classify the maize populations as a function of their reaction to
the most virulent inocula, such as those from Estado de Mexico and Tlaxcala
(Figure 3). Then, the populations with minor damage were considered pheno-

typically tolerant because all of them presented some damage level.

3.3. Interaction between Maize Origin and Origin of Fusarium spp.
Inocula

There was no relationship between the origin of the maize populations and the
origin of the inocula evaluated. Nevertheless, the maize populations and inocu-
lum sources were cobs from the same harvested parcel and farmer that likely
survived due to coevolution. The results show independence between the toler-
ance in the maize populations and the origin of the inocula evaluated, and it was
observed that the populations from one state were as susceptible to Fusarium
inocula from the same state well as to Fusarium of other origins. For example,
the populations from Tlaxcala were severely affected by inoculations from that
state. In contrast, populations with certain tolerance regularly presented toler-

ance to different inoculum sources and origins (Table 4).

4. Discussion

The evaluation of damage indicated that the seedlings from all the maize popu-
lations were affected by all the isolates. Even when the gathered maize and the
isolate came from the same geographic region, no tolerance or possible resis-

tance to the isolate was observed. However, variation in damage observed indi-

24 1
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Figure 3. Distribution of maize landrace populations as a function of the reaction to
damage to seedlings caused by inoculations of isolates from Estado de Mexico and Tlax-
cala (Tukey’s test, p < 0.05).
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Table 4. Weighted averages of damage to seedlings from maize populations grouped in
three typifications of damage as a response to Fusarium from different geographic ori-
gins.

States of origin of the inocula evaluated

Origin of populations (n)
Mexico Guerrero Oaxaca Puebla Tlaxcala

a) Slight damage (<2 on the damage scale for all the inocula)

Estado de Mexico (6) 1.757 1.61 1.71 1.70 1.64
Guerrero (7) 1.80 1.68 1.76 1.65 1.73
Qaxaca (5) 1.91 1.78 1.77 1.70 1.72
Puebla (2) 1.52 1.68 1.65 1.78 1.70
Tlaxcala (3) 1.71 1.51 1.60 1.61 1.77
Average 1.74 1.65 1.70 1.69 1.71

b) Moderate damage (=2 on the damage scale in at least one inoculumn)

Estado de Mexico (3) 1.93 1.65 1.70 2.08 1.95
Guerrero (6) 2.06 1.68 1.83 1.70 1.83
Oaxaca (6) 2.29 1.68 1.73 1.74 1.94
Puebla (2) 2.01 1.76 1.63 1.68 1.78
Tlaxcala (5) 1.99 1.65 1.64 1.80 2.05
Average 2.06 1.68 1.71 1.80 1.91

¢) Severe damage (>2 on the damage scale in two or more inocula)

Estado de Mexico (5) 2.48 1.83 1.88 1.94 2.00
Oaxaca (2) 2.39 1.81 1.90 1.81 2.04
Puebla (2) 1.99 1.83 1.93 2.01 2.06

Tlaxcala (4) 2.46 1.83 1.76 1.91 2.04
Average 2.33 1.83 1.87 1.92 2.04

weighted average of damage in each subgroup of origin and isolate.

cates that it is feasible to differentiate maize populations by their degree of sus-
ceptibility to Fusarium spp. and isolates by their degree of virulence, which is
appropriate for germplasm evaluation and selection. There were no significant
differences (p > 0.05) in the interaction between maize populations and the
source of the inoculum (Po x In) in the variables evaluated except for total dry
weight; it can be inferred that the inocula and maize populations are indepen-
dent. In this regard, it should be noted that populations possibly did not show
any direct association with any inoculum that would result in greater resistance
or tolerance due to the mixture of isolates, since it is not known whether one
species dominates over another or whether there could have been synergy be-
tween them that would result in greater virulence.

It is appropriate to note that the virulence of phytopathogenic fungi depends
on environmental conditions favorable to their multiplication. For example, F.
graminearum must synthesize enzymes and proteins that degrade the cell wall as
well as generate and release mycotoxins [32]. Once degradation of the cell wall
begins, the damage increases. In this study, root darkening and rot were ob-

served in seedlings that grew on pathogenic inocula, which distinguishes them
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from healthy seedlings (with no inoculum).

Reduction in root length and weight as an effect of infection/colonization of
the pathogen can lead to problems in crop establishment, resulting in seedlings
that do not develop properly or those even death due to the systemic transmis-
sion of F. verticillioides from the seed to the seedling and stem [33]. The wide
variability of reactions between maize populations and the incidence of Fusa-
rium spp. indicate that it is possible to select populations with very little or no
damage related to the possible presence of resistance and/or tolerance genes in
the maize landrace populations. Furthermore, various studies indicate that roots
infected with F. verticillioides accumulate mycotoxins, such as fumonisin FBI,
and can cause necrosis or death of the invaded tissue [34] [35], which was prob-
able for the populations that presented higher damage and exhibited poor
growth in this study. This can be said even though the genetic mechanism of re-
sistance present in the maize collections evaluated is not known and can only be
evaluated by phenotypic responses.

The results obtained show part of the potential damage from the Fusarium
spp. fungus to maize landrace seedlings from different geographic origins. In
this study, the most virulent isolates were from Estado de Mexico and Tlaxcala,
and these isolates were useful in discriminating maize populations of different
geographic origin based on their Fusarium reaction. High variation was also ob-
served in the response to the severity of damage among maize populations in
each state. Thus, it is possible to select populations with no visible damage, first
in the evaluation of seedlings [36] and later in the ear, as has been done pre-
viously [9] [14].

The presence of Fusarium spp. in fields where maize is cultivated is important
because of the accumulation of mycotoxins that are found in stored grain [29]
from which a wide variety of food products are prepared, thereby posing a risk
to human and animal health. The evidence of the coexistence of maize- Fusarium
spp. highlights the need to identify maize genotypes or populations resistant to
the infection and accumulation of toxins. Consequently, proving resistance or
susceptibility in seedlings can be used to discriminate a large number of maize
varieties or populations because it makes possible both differentiating some de-
gree of expression of the disease in the vegetative phase in a short period and
predicting the behavior regarding germination and survival of individuals in the
field [36]. However, although there were no significant interactions between
maize populations and inocula, the populations from each geographic origin
were classified into three types based on severity of damage: slight, moderate and
high, which suggests coevolution between maize and Fusarium spp. through
mutual selection pressures, as mentioned by Ehrlich and Raven [37] in the case

of closely related species.

5. Conclusions

There is variation in the degree of virulence of isolates of Fusarium spp. de-

pending on their geographic origin. As seedlings, maize populations respond
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differently to pathogens from different geographic sources, which indicates some

degree of resistance to Fusarium spp. in populations that do not show any visible

damage. In the pathosystem of maize landrace populations— Fusarium spp. in-

ocula evaluated, there were no significant interactions that would suggest a di-

rect association between species from the same geographic origin.
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