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Abstract: The introduction of mechanized agricultural practices after the Second World War and
the use of productive hybrids led to a gradual disappearance of local maize varieties. However,
13 landraces are still cultivated in North-Western Italy, in the Lombardy region; those that are
cultivated in mountainous areas (roughly up to 1200 m in altitude) are often characterized by the
pointed shape of their seeds (i.e., “Nero Spinoso”, “Rostrato Rosso di Rovetta”, “Spinato di Gandino”
and “Scagliolo di Carenno”) and the presence of pigments (i.e., “Nero Spinoso”, “Rostrato Rosso
di Rovetta”). The pointed shape of the seeds is an ancient characteristic of maize-ancestors, which
negatively affects the yield by not allowing optimal “filling” of the ear. This study reports work on
four different Italian varieties of pointed maize in order to assess the genetic bases of the “pointed
character” and to try to explain the reasons for this adaptation to the mountain environment. The
data obtained by genetic analysis, seed air-drying modeling and thermographic camera observations
demonstrated that the “pointed trait” is controlled by the same genes across the different varieties
studied and suggested that this peculiar shape has been selected in mountainous areas because it
promotes faster drying of the seed, with the presence of pigments implementing this effect.

Keywords: maize; landraces; pointed maize; drying process; mountain

1. Introduction

The last century has been characterized by a serious loss of biodiversity, and it is
estimated that about three quarters of the lines of living beings around the world (plants,
animals and microorganisms) identified as being used in the past for nutrition and food pro-
duction have disappeared [1]. Hence, the conservation and promotion of agrobiodiversity
have been crucial topics in recent decades [2–4].

The first appearance of maize in Europe occurred after the travels of Christopher
Columbus to America. After the first arrivals of samples from the Caribbean, subsequent
introductions of maize germplasm from higher latitudes better adapted to European
conditions boosted maize cultivation in Europe. Since then, a multitude of landraces linked
to local food production and traditional farming systems have been developed [5].
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Nowadays, northern Italy (particularly the Lombardy and Veneto regions) is one of
the centers of European maize cultivation, with a harvested production of 6 million tonnes
per year, used mainly as feed for livestock [6].

There is evidence that about 50 landraces of maize (mainly flint maize) were grown
until 1950 in Lombardy [7]. Most of them are no longer cultivated but are still preserved
in the Stezzano germplasm bank (Maize Research CREA-MAC Unit, Stezzano (BG) Italy),
where about 700 traditional and ancient varieties from the peninsula are stored. As in
European areas, genetic erosion in the north of Italy has reached about 90% in recent
decades [8]. Despite this, the great genetic diversity found in landraces (or traditional
varieties) is an essential resource for breeders and farmers [9–11]. Landraces are defined
as dynamic populations of cultivated plants characterized by historical origin, distinct
identity and lack of crop improvement. In addition, they are often locally adapted and
associated with traditional cultivation systems [12,13]. Among the 13 landraces that
are still cultivated in the Lombardy region, only 4 (“Nero Spinoso”, “Rostrato Rosso di
Rovetta”, “Spinato di Gandino” and “Scagliolo di Carenno”) are registered in the European
Register of Conservation Varieties, a fundamental tool for the in-situ conservation of plant
agrobiodiversity in Europe [14,15]. The inclusion of these landraces in the register has
favored their protection and study: they are not only essential to counteract the loss of
agrobiodiversity [16], but they also represent an opportunity for the creation of small
agri-food chains for mountain communities [17–19] and for breeding programs [11,20].

Furthermore, several studies have highlighted that these old varieties have a high
nutritional value and characteristics that make them more resistant to different abiotic
and biotic factors [4,21–25]. In fact, traditional varieties are often associated with an
increased accumulation of flavonoids in the pericarp. The use of maize genotypes with
pigmented pericarp seems promising for a reduction in Fusarium spp. infection and
fumonisin accumulation [26–29]. In addition, foods rich in flavonoids have been studied
for their strong antioxidant power and for their ability to prevent chronic diseases [30–34].
In this context, landraces not only possess useful traits for plant breeding, but they have a
very high nutritional value linked to their use in traditional products [13]. Among these
traditional varieties, some are cultivated in mountainous areas (roughly up to 1200 m
of altitude) and are often characterized by the pointed shape of their seeds (i.e., “Nero
Spinoso”, “Rostrato Rosso di Rovetta”, “Spinato di Gandino” and “Scagliolo di Carenno”)
and their pigments (i.e., “Nero Spinoso”, “Rostrato Rosso di Rovetta”) [4]. The pointed
shape of the seeds is an ancient characteristic of the wild ancestor of maize [35]. This
characteristic negatively affects the yield since it does not allow the optimal “filling” of
the ear. Despite this problem, these varieties have been selected by farmers, most likely
because they were well adapted to cultivation at high altitude, compared to maize with the
classic spherical/parallelepiped seed shape.

In this work, several Italian varieties of pointed maize were studied in order to assess
the genetic bases of the “pointed character” and to try to explain the reasons for this
adaptation to the mountain environment. These data will help the conservation of native
landraces and lay the foundation of future breeding programs with the aim of obtaining
new pointed varieties or new evolutionary populations.

2. Materials and Methods
2.1. Plant Material

The four pointed varieties used in this study, “Nero Spinoso”, “Rostrato Rosso di
Rovetta”, “Spinato di Gandino” and “Scagliolo di Carenno”, were obtained from the
germplasm collection of CREA, Stezzano (BG). The B73 inbred line from the germplasm
collection of DISAA, Milan, Italy was used to study the inheritance of the pointed trait.
B73/Mo17 F1 ears were used as the non-pointed benchmark for the analysis of the shape
of the kernels, the laser scan 3D digitalization, and the seed air-drying modeling.
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2.2. Outline Analysis of the Seeds

With the aim of comparing the seed shape of the pointed varieties with the B73/Mo17
control, we performed the outline analysis of the kernels.

The mature seeds were collected and photographed, and the images were processed
to obtain the main shape of the kernels of each variety.

Further details: fifty kernels for each maize genotype were used for the elliptical
Fourier descriptors analysis (outline analysis) [36]. The grains were collected from various
ears of plants cultivated in the experimental field of the University of Milan, located in
Landriano, Pavia, Italy. Over- or under-developed kernels of the basal and terminal parts
of the ears were not considered. The kernels were photographed in dorsal view [23] using
a digital camera (Canon EOS 2000D, Amstelveen, The Netherlands ). The images were
processed using Adobe Photoshop software. In particular, the shadows of the grains were
removed, and the images were transformed into black and white. The outline coordinates
were extracted with Momocs 1.3.0 [37–39] in an R environment [40] and converted into
Fourier coefficients, considering 12 harmonics that gathered at least 99% of the total
harmonic power [39]. The kernels were positioned in the same direction in order to control
left/right asymmetry [41]; then, a landmark was defined at their base (tip cap) as a starting
point for importing outline coordinates. The contours were centered, and the outline
analysis was carried out without numerical normalization. Principal component analysis
(PCA) was carried out on the matrix of coefficients, and the samples were plotted on the
first two principal components (PCs). Linear discriminant analysis (LDA) of the principal
components [42] was carried out, retaining 13 PCs. Finally, the mean shape of the kernel of
each cultivar was obtained using the ‘MSHAPES’ function of Momocs, and multivariate
analysis of variance (MANOVA) was performed to evaluate the significance of kernel
shape differences between the five genotypes.

2.3. Complementation Test and Constitution of F2 Segregating Population for Pointed Seed Trait

A complementation test can be used to test whether two traits characterized by a
similar phenotype are controlled by different genes. The two lines are crossed and, if
complementation occurs, the F1 progeny will display a wild type phenotype, suggesting
that the two traits are controlled by different genes.

The complementation test was performed between “Nero Spinoso”, “Rostrato Rosso
di Rovetta”, “Spinato di Gandino” and “Scagliolo di Carenno”.

All genotypes were crossed in pairwise combinations and the F1 ears were scored by
visual inspection.

The F2 segregating population was obtained by crossing “Nero Spinoso” × B73/Mo17.
The F1 seeds obtained were shown to obtain F2 segregating ears.

Data were recorded by visual inspection in four classes: pointed, intermediate, little
pointed and not pointed. For each observation, five ears were scored.

2.4. Seed Air-Drying Modeling

Seed air-drying was modeled using CFD (Computational Fluid Dynamics) in order
to simulate the traditional air-drying adopted by farmers in the mountainous areas of
the Lombardy region. In the traditional process, maize cobs were collected, stored under
farmhouse roofs and exposed to the natural air stream during autumn to dry out the grain
moisture.

The aim of this analysis was to evaluate if pointed grain maize exhibited better
performances during this traditional air-drying (less moisture content).

The process modeled, seed drying, aims to remove a solvent (water) through evapora-
tion mass transfer. Evaporation is a multiphase phenomenon that requires that the solvent
is present in both the liquid and gas phase. Liquid water is contained in the kernel, and wa-
ter vapor is present downstream in the air. The model was set up as a mixture multiphase
model. This physics approach solves a single set of governing equations for mixture and a
volume fraction transport equation for each phase. The external air phase was modeled



Agronomy 2021, 11, 2295 4 of 15

as a multicomponent since it contains both the vapor and the dry air. Moreover, the solid
porous region (the maize grain) was modeled as a multicomponent as well (as it contains
both solid dry parts and water). The interaction between the multiphase media used the
Spalding Evaporation/Condensation model [43]; Sherwood and Nusselt numbers were
obtained by the Armenante-Kirwan correlation.

To reduce the computational cost, the model developed was 2D; one tunnel had
an air inlet and an atmospheric pressure outlet. Air entered at the inlet, evaporated the
water trapped inside the porous media and exited with the vapor through the outlet. The
simulation was performed using Star CCM+, a commercial software provided by SIEMENS.

Aerial data inputs were imposed to represent the typical values that would be recorded
on a sunny day in autumn in the pre-Alps in the Lombardy region, where pointed maize
used to be grown. These data represent the ambient boundary conditions of the process
adopted widely in the Lombardy Alps, Italy, up to the middle of the 20th century. Air
Temperature was set up at 15 ◦C with a wind speed of 0.5 m/s. The turbulence intensity
and the viscosity ratio were imposed according to a standard laminar flow, respectively
equal to 0.01 and 10. Kernel properties were set up according to [44]: maize density was
equal to 1320 kg/m3, with a specific heat of 2800 J/(kg·◦K), a Thermal Conductivity of
0.125 W/(m·◦K) and a general Porosity of 0.95%.

For simplification, both kernels were simulated with the same physical properties. In
this way, the differences caused by the different varieties could be neglected, and the effect
of the pointed shape could be isolated.

The geometry used in the CFD simulation was obtained as follows: first of all, start-
ing from a maize cob, a laser scan digitalized the 3D shape. After that, the image was
cleaned and reconstructed with Gom software. Finally, a 2D slice of the maize kernel,
both pointed and control, was obtained using spline interpolation in Solidworks CAD
Software (Figure S1).

The set-up model and the mesh created are reported in Figure S2. Pictures a and b
report the cross section of the air tunnel with one maize kernel in the lower side. Dry air
entered at the left side of the box, stabilized and flowed around the kernel. Afterwards,
air and water moisture exited from the right side of the box. Pictures c and d, by contrast,
represent the meshed model (in which discretization was implemented by applying the
finite volume method) where the fluid dynamics equations are imposed. Qualitatively, it
can be seen how cells are denser downstream of the grain which captures the effect of the
moisture flow dragged downstream by the surrounding air.

2.5. The Effect of Pigmentation on the Surface Temperature of the Seeds

Seeds were placed in the sun for about 30 min, until they reached a constant tem-
perature. Thermal images of “Nero Spinoso”, “Rostrato Rosso di Rovetta”, “Spinato di
Gandino”, “Scagliolo di Carenno” and B73/Mo17 (control) were taken between 11 and
12 h with a semiautomated long-wave infrared camera system (FLIR T650sc, FLIR Systems,
Inc., Parkway Avenue Wilsonville, OR, USA). The temperature accumulated by seeds was
then measured using the FLIR ResearchIR Max software.

3. Results

In the results below, the four traditional Italian varieties shown in Figure 1 were
studied with the aim of assessing the genetic bases of the “pointed character” and to
explain the reasons for the adaptation of these landraces to the mountain environment. So
far as we know, this is the first work that describes the inheritance of the “pointed trait” in
Italian native varieties.
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differences between the average shape of the kernels of the control variety and that of the 
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Figure 1. Four Italian maize landraces registered in the European Register of Conservation Varieties.
From the left to the right: “Nero Spinoso”, “Rostrato Rosso di Rovetta”, “Scagliolo di Carenno” and
“Spinato di Gandino”.

3.1. Shape of Kernels

Figure 2 shows the PCA biplot of the Fourier coefficients, calculated for the grains of
the five maize genotypes, the results of LDA and the mean shape of the kernels. Along
the first axis (PC1) of the PCA biplot (Figure 2a), the reconstructions of the kernel shape
(gray figures) become more acute at the apex. The results of the PCA and LDA of the
PCs (Figure 2b) showed that B73/Mo17 (control) differs from other genotypes. While in
pointed genotypes (“Nero Spinoso”, “Rostrato Rosso di Rovetta”, “Scagliolo di Carenno”,
“Spinato di Gandino”) the mean shape was elliptical, in B73/Mo17 it was obovate as these
grains have no beak (Figure 2c). Results of the MANOVA test confirmed significant shape
differences between the kernels of the five genotypes (F4, 245 = 79.45; p < 0.01), and Figure 3
shows the differences between the average shape of the kernels of the control variety and
that of the other genotypes.
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Figure 3. Comparison between the mean shape of the kernels of B73/Mo17 (control) (orange lines)
and that of the other maize genotypes (blue lines).

3.2. Inheritance of Pointed Trait

Starting from the hypothesis that the genes involved in the “pointed trait” were
common to all the pointed varieties and were due to the maternal genotype, the “Nero
Spinoso”, “Rostrato Rosso di Rovetta”, “Spinato di Gandino” and “Scagliolo di Carenno”
pointed varieties were crossed pairwise. The F1 seeds obtained from each cross were
grown on to obtain F1 ears: all the ears obtained had pointed seeds, as did the following
F2 ears (Figure 4), suggesting that the varieties under evaluation in this study have the
same genetic basis for the “pointed trait”. With the aim of estimating the number of genes
involved in the “pointed trait”, we studied the reappearance of the “pointed trait” in an F2
population created by crossing “Nero Spinoso” with B73/Mo17. As shown in Figure 4, F1
ears bore seeds that were slightly pointed, and, in the following F2 generation, the pointed
seed trait was observed in 6 out of 183 F2 ears analyzed (Table 1).
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Figure 4. Inheritance of “pointed trait”. On the right is shown the cross between “Nero Spinoso” and “Rostrato Rosso di
Rovetta”, given as an example of all the crosses carried out pairwise (complementation test) between the four pointed
varieties. F1 hybrid (“Nero Spinoso” × “Rostrato Rosso di Rovetta”) remains pointed as does the whole of following F2
segregating population. On the left is shown the creation of an F2 population by crossing “Nero Spinoso” with B73/Mo17.
The following F2 generation segregates for the “pointed trait”, permitting an estimation of the number of loci involved in
this trait.

Table 1. Segregation of the trait “pointed ears” in the F2 progeny obtained by crossing “Nero Spinoso” × B73/Mo17. The
hypotheses made for the χ2 test were 1:16 and 1:64 segregation values for “pointed ears”, considering two or three major
genes, respectively, involved in the “pointed trait.

Pointed Moderately
Pointed

Slightly
Pointed Not Pointed Total χ2 (1:16) χ2 (1:64)

nr ears 6 86 80 11 183 2.76 3.5

The hypothesis is accepted if χ2 ≤ 3.84 with DF = 1.
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3.3. Seed Air-Drying Modeling

The results provided are reported graphically to assess a comparison between Nero
Spinoso and the control kernels (B73/Mo17 hybrid). The velocity profile is reported in
Figure 5. The airstream at the entrance is equal to 0.5 m/s, to simulate a natural convection
wind inside a farmhouse. It can be seen from the pictures that the airflow around Nero
Spinoso reaches a maximum speed of 0.67 m/s, 7% higher than that of the control maize.
Moreover, the downstream appears more turbulent, a factor that increases the humidity
exchange and transport.
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Figure 5. Velocity contour profile over a kernel extrapolated from the CFD simulation. With an airstream profile of 0.5 m/s
note, the higher speed (dark red) over the point of the kernel of spinoso maize (a) compared to the control variety (b). This
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The second type of data extrapolated from the CFD simulation is the evaporation rate.
In Figure 6, this rate is reported at different timings, i.e., 0.5 s for pictures a and b and 1 s
for pictures c and d. At the beginning, after 0.5 s, the evaporation rate of Nero Spinoso
is 15% higher than that of the control. Qualitatively, the downstream aerodynamic trail
of humidity is also wider. After 1 s, Nero Spinoso maintained the gain of 15% versus the
commercial control kernel. The two behaviors are also reported graphically in Figure 7.
The integral of the curve on the left is visibly larger than the one on the right.
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control at 1 s.
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Finally, the last comparison is reported for the Volume Fraction of water inside the
kernel after 0.5 s and 1 s of airflow. Despite the two values being very close (both the
simulations start with same boundary conditions and are run for 1 s of physical time), it is
the internal distribution of water that is impressive.

Nero Spinoso maize has a greater stream of humidity detaching from the trailing edge
of the pointed kernel. The internal distribution, moreover, is macroscopically different
between the two varieties after 1 s. While for Nero Spinoso, almost half of the kernel does
not contain any more humidity, for the control, this area (blue in Figure 8) is less than 30%.
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3.4. Surface Temperature of the Seeds

Figure 9a shows representative thermal images of “Nero Spinoso”, “Rostrato Rosso di
Rovetta”, “Spinato di Gandino”, “Scagliolo di Carenno” and B73/Mo17 seeds. The temper-
ature accumulated by seeds was then measured using FLIR ResearchIR Max software, and
statistical analysis was performed (Figure 9b). Figure 9 highlights that seed temperature
was higher in varieties that accumulate phlobaphenes (i.e., dark pigments): after thirty min-
utes of exposure to the sun, the seeds of “Nero Spinoso” reached an average temperature
more than 5 degrees higher than that of the control line (38.7 ◦C vs. 33.1 ◦C) (Figure 9b).
The other three Italian landraces were in an intermediate situation, but “Rostrato Rosso di
Rovetta” reached an average temperature statistically higher than “Scagliolo di Carenno”
and “Spinato di Gandino”, thanks to the accumulation of phlobaphenes in the pericarp.
However, these two varieties accumulated one degree more than the colorless B73/Mo17
used as a control.
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4. Discussion

The domestication center of maize is located in Mexico, and from there it spread within
the Americas and subsequently to the rest of the world, including Europe [45,46]. The
cultivation of this crop all around the globe led to its local selection and its adaptation to new
environments and, consequently, to the development of different landraces, mainly linked
to local food production and traditional farming systems [5,46]. When compared to modern
hybrids, these traditional varieties have lower yields, but are characterized by considerable
phenotypic and genetic variability [47,48]. In addition, most of the landraces synthesize
and accumulate pigments in the seed, such as phlobaphenes and carotenoids. The use
of maize genotypes with pigmented pericarps seems beneficial for human health due to
their antioxidant capacity [32,49–52] and seems promising for a reduction in Fusarium spp.
infection and fumonisin accumulation [26–29]. The beneficial properties derived from
the accumulation of phlobaphenes (and flavonoids in general) allow the landrace “Nero
Spinoso” to be considered as a functional food compared to the colorless varieties [21].
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Pointed maize, also known as beaked maize, represent a peculiarity in maize cultiva-
tion. In northern Italy, 28 pointed varieties have been surveyed, but a specific characteriza-
tion has only been reported for very few of these [21,53,54].

The traditional pointed varieties used in this study were “Nero Spinoso”, “Rostrato
Rosso di Rovetta”, “Spinato di Gandino” and “Scagliolo di Carenno”. Despite the lower
yield, these varieties were selected because they were better adapted to cultivation in
mountain areas compared to maize with the classic spherical/parallelepiped seed shape.

To our knowledge, the inheritance of the “pointed trait” has not yet been studied in
the Italian landraces. Hence, starting from the hypothesis that the “pointed trait” was a
quantitative character, the heritability of this trait was determined in F1 and F2 populations
obtained through controlled crosses.

As shown in Figure 4, the genetic basis of this trait is common among the “Rostrato
Rosso di Rovetta”, “Nero Spinoso”, “Spinato di Gandino” and “Scagliolo di Carenno”
pointed varieties, due to the fact that the crosses carried out in all pairwise combinations
showed the “pointed trait” in F1 and in the following F2 generation (Figure 4). Hence, the
same loci determine the phenotype “pointed trait” in the different varieties. Furthermore,
with the aim of estimating the number of genes involved in the “pointed trait”, an F2
segregating population was scored for the presence of ears with pointed seeds The results
obtained suggest that two/three major genes acting with additive effects are responsible
for the “pointed trait” in the genetic material evaluated in the present study.

The topic of the study was to assess the quantitative effect of the pointed shape of
the kernels during traditional drying. The general idea was that this shape enhances the
airflow around the kernel, while it is still attached to the cob and not exposed to free air
convection.

Natural or traditional solid drying was the process adopted widely in northern Italy
up to the mid-20th century. Maize cobs were collected and stored under farmhouse roofs
and exposed to the natural air stream during autumn and winter.

In the literature, several works related to the drying process of maize are reported.
Among others, Roman et al. [55] investigated the effect of a super absorbent polymer as a
desiccant. Azmir et al. [56] and Janas et al. [57], in two different research papers, evaluated
the loss of humidity in maize in fluidized bed-drying. Sanghi et al. [58] used CFD to
evaluate the natural convection in a solar maize dryer, while Malekjani et al. [59] collected
and evaluated different simulation method for different drying processes. Regarding the
simulation of the behavior of the maize kernel during artificial drying, an interesting
investigation was published by Nemenyi et al. [60]. Among the literature, several works
assess the drying process but none, the natural drying process specific to the northern area
of Italy, where pointed kernel maize was grown.

The results presented in this work demonstrate that, for a natural drying process
with a low temperature and a low airstream speed, the pointed kernel shows a distinct
advantage over a variety with “conventional” shaped maize seeds, with a volume fraction
of water that is 15% less with the same exposure time.

However, a parallel simulation was also run with standard parameters for the indus-
trial drying of maize (airstream of 5–10 m/s and air temperature around 50–60 ◦C). Within
these boundary conditions the presence of the pointed shaped kernels played no role in
the process (data not shown).

In further work, it is planned to simulate the drying process of the 2D section of the
cob to understand better the interaction effect between one kernel and the next and to assess
the effect of the less dense packing within the cobs of Nero Spinoso. Finally, with High
Power Computing, it will be possible to analyze the entire 3D shape of the cobs scanned.

Furthermore, the pigmentation of the pericarp seems to have an effect on heat accu-
mulation in the seeds, and this could, therefore, help to explain the use of these traditional
varieties in mountain areas, where average seasonal temperatures are lower than those in
the typical flat plains dedicated to maize cultivation. In fact, “Nero Spinoso” and “Ros-
trato Rosso di Rovetta” accumulated more heat in their seeds, thanks to the presence of
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phlobaphenes in the pericarp: 38.7 ◦C and 37.0 ◦C, respectively (Figure 6). The difference of
1.7 ◦C between these two varieties was due to the concentration of phlobaphenes: in “Nero
Spinoso” these were higher compared to “Rostrato Rosso di Rovetta”, as shown in Figure
1. Furthermore, the average temperature of seeds was statistically lower in the varieties
that accumulate carotenoids (“Scagliolo di Carenno” and “Spinato di Gandino”), but the
lowest temperature values were recorded in the colorless B73/Mo17 (33.1 ◦C) (Figure 6).

Of course, different traits are involved in adaptation to the mountainous environment:
among them, earliness of and cold tolerance during heterotrophic and autotrophic growth
are recognized as the most important [61,62]. Further work will be necessary to better
characterize these genetic materials.

5. Conclusions

The data reported in this work suggest that pointed varieties have been selected in
mountain areas (at least partly) for their seeds’ property of drying quickly in a relatively
cold and wet environment, which confers an advantage in comparison with normally
shaped varieties by limiting the development of harmful fungi after harvest. Of course,
other traits are involved in adaptation to mountain environments that could be useful in
breeding programs with the aim of improving the sustainability of this culture. Genetic
analysis pointed out that two/three genes are involved in the “pointed trait”, and this
information will help to preserve and improve the so far neglected OPV (open pollinated
varieties).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11112295/s1, Figure S1: Kernel acquisition process, Figure S2: Setup model.
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