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Abstract: Harvesting and threshing are crucial processes that influence the quantity, quality, and
economic efficiency of rice production. Therefore, the threshability of rice varieties is an important
agronomic trait for breeding programs. However, selection for threshability is hardly standardized.
With the application of an improved threshing meter, the threshability of four local temperate japonica
rice varieties was determined during the ripening phase (DAF 37–60) in three consecutive years.
Panicle threshing force (TF in N) was measured parallel with seed moisture content (MC) to describe
differences in ripening habits of the genotypes. Shapes of the separation pilei were observed and
the relationship with the different types of grain shattering was found. The different threshability
patterns of the genotypes were found as quite stable along these periods. Moreover, correlation
among TF, MC, and 5-day averages of meteorological parameters during the ripening phase was
determined. Precipitation, Tmean, Tmax, and relative humidity had a significant influence on the MC.
Based on our results, the MC had a low but significant positive correlation with the TF (0.312 *).

Keywords: threshability; threshing force; moisture content; morphology of separation zone; Oryza
sativa L.; ripening

1. Introduction

Harvest and postharvest losses include physical and chemical changes that reduce the
economic value of the crop or may even make it unsuitable for human consumption [1].
The importance of shattering habits of cultivated rice varieties is underlined by many
studies [1–6]. This phenomenon significantly affects the rate of yield loss during the
ripening phase and the harvest [7]. An overly loose spikelet attachment to its pedicel leads
to grain shattering which can cause serious yield loss (0–38%) [8]. A too tight attachment
reduces the effectiveness of machine harvesting due to the hard threshability.

Threshing is one of the most important functions of modern harvest machines. Thresh-
ing technology has a significant influence on yield quantity and quality. There are four
principles of threshing, the contact models are the impact, rubbing, combing, and grind-
ing [2]. The grain loss and damage can be reduced by changing the interface or the speed
of the threshing equipment. Increasing drum speed of the axial-flow thresher increases
the threshing and cleaning efficiency and the seed damage, however, it decreases the per-
centage of seed loss [9,10]. The crop moisture content (MC), the thickness of the seed, the
variety, and the degree of maturity of the grain also affects the threshability and threshing
loss [11]. Higher moisture content (27.50%) causes a lower threshing loss (0.7%) than dry
conditions of a paddy (14.91% MC and 2.75% threshing loss) [10].
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More research groups reported that the grain threshing habit of rice is related to
three factors: the form of the abscission layer (AL) at the base of sterile lemmas [12,13],
environmental factors such as humidity and temperature [8,14], and the genetic constitution
of the variety [15–17]. Although the formation of the AL is determined by genes [12,18],
a classification based on the AL is very difficult [19]. However, Okubo et al. found that
the patterns of grain shattering and the shape of the separation zone (separation between
sterile lemma and rudimentary glume) were correlated [20]. He found that most of the
seeds separated between the sterile lemma and rudimentary glume in the case of medium,
easy, and very easy shattering genotypes, while in less-shattering varieties, around 50% of
the grains were torn off at the bent portion of the pedicel. With easier-shattering habits, the
shape of the separation zone was the most prominent, cultivars with medium-shattering
habits had more than 50% of the flat pileus, while in the hardly-shattering varieties, all the
forms were flat [20].

Up to now, seven methods have been used to measure grain shattering in rice from
manual measurements to digital ones [8]. A manual determination of shattering habits may
not be accurate due to variations in the pulling/hitting power of the person who is testing
the traits [18]. Therefore, nowadays, a digital force gauge is used for the determination of the
grain pedicel breaking tensile strength (BTS) in g-force (gf) [18,19] which is correlated to the
threshing rate of the grain harvester [21] The classification of the shattering habit was set up
by many researchers. Ji et al. reported easy, moderate, hard, or non-shattering patterns [18],
Lee et al. and Galimudi et al. recorded the hand-made seed shattering on a 1–9 scale
(1—non-shattered, 3—low level, 5—average, 7—high level, and 9—shattered) [15,22], and
Qin et al. used a shattering scale from 1-8 (from difficult to easy) [19]. The evaluation
criteria of the shattering habit are varied by countries and production technologies, based
on which shattering habit is frequent in that country [20]. The relationship between manual
and digital measurements through the different classification scales was confirmed by
Qin et al. [19].

Usually, when threshing is conducted by machines, a higher level of threshability is
reported [21]. Since the European rice production system is highly mechanized, one of the
aims of this study was to identify the shattering habits of the main local temperate japonica
rice varieties based on threshing forces and separation zones. The average threshing
force of japonica rice is around 200–250 gf (2–2.5N) [13,16,18], but this attachment force
poses difficulty in threshing [22]. Therefore, the medium-shattering varieties are required
which are more suitable for combined harvesting and cause no yield loss in the paddy
field [22,23]. Moreover, a better understanding of the effects influencing threshability is
necessary because it is an important agronomic trait for breeding programs. Therefore, our
additional aim was to determine the possible correlations among threshing force, moisture
content of the rice seeds, and the 5-day averages of meteorological parameters during the
ripening phase.

2. Materials and Methods

To evaluate the threshability, four state-released rice varieties (all temperate Oryza
japonica from Hungary), ‘Janka’, ‘M 488’, ‘M 225’, and ‘Ábel’ [24] were used in three
consecutive years (2018–2020). Plants were conventionally cultivated in paddy fields
under flooded irrigation. Panicles were collected from the seed multiplication plots at
the Rice Research Station of the Hungarian University of Agriculture and Life Sciences
(MATE), Institute of Environmental Sciences (IES), Research Center for Irrigation and Water
Management (ÖVKI) (46◦52′17.5′′ N 20◦31′37.5′′ E, Szarvas, Hungary). The experiments
were carried out in September during the ripening phase based on the number of days
after flowering (DAF). Data of DAF are shown in Table 1. In each sampling time, 10, 12,
and 12 replicates were measured in 2018, 2019, and 2020, respectively.
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Table 1. Schedule of threshability measurements based on the number of days after flowering (DAF).

Variety Number of
Measurements

DAF
Variety Number of

Measurements

DAF

2018 2019 2020 2018 2019 2020

‘Janka’

1 37 38 38

M 488

1 37 37 38
2 - 42 42 2 - 41 41
3 - 48 46 3 - 44 46
4 50 51 50 4 50 51 51
5 55 56 54 5 55 54 54
6 60 59 59 6 60 59 -

‘M 225’

1 37 38 38

Ábel

1 37 37 37
2 - 42 42 2 43 43 42
3 - 45 46 3 - 47 45
4 50 48 50 4 - 49 49
5 55 53 54 5 - 55 54
6 60 61 59 6 58 60 59

A custom-built electric threshing meter (ITM) improved (with EMX-100/111 electrome-
chanical weighing instruments indicator) by the Metrisystem Ltd. (Hódmezővásárhely,
Hungary) was used to do the tests. In one measurement, one whole panicle was used. The
strength required to detach the spikelet from the pedicel was detected as the threshing force
(TF). The TF was measured by strains along the pedicel. A 200 N load cell (Tenzi TCS-03),
an automatic null balancing recorder detected the values in Newton (N). The ITM is shown
on a Video in S1 in the Supplementary Materials during the operation (v = 0.5 cm s−1).

Parallel with TF testing, the moisture content (MC) of seeds from each panicle was also
determined separately via the gravimetric method (Digitheat, JP Selecta, Spain; Sartorius
BP 221S, Sartorius, Germany). The meteorological data were provided by an Agromet
Solar automatic meteorological station (Boreas Ltd., Hungary). The average meteorological
parameters (precipitation; mean (Tmean), maximum (Tmax) and minimum (Tmin) tempera-
ture; relative humidity (RH%)) for the 5 days before DAF were calculated and used for the
correlation analysis since it was reported as a useful unit in dealing with meteorological
phenomena in agriculture [25]. The dataset of 5-day average values calculated for all the
DAF dates is provided in Table S1 (Supplementary Materials) in detail.

Basic mathematical analyses were performed by using Microsoft Excel. Data were
statistically analyzed by “IBM SPSS 22” software. Two-way ANOVA with the Tukey
and Games-Howell method was used to determine statistical differences among varieties,
measurement times, and years at a 5% level of probability. Pearson’s correlation was
calculated to estimate the connection among different parameters.

The separated pilei were stained with safranin O solution (0.5% (w/v) dissolved in 50%
EtOH according to Lux et al. 2005 [26] and observed under a stereomicroscope (PZO Ltd.,
MSt 130, Warsaw, Poland). For observation of the type (pattern) of grain shattering, the
same stereomicroscope was used. For the determination of different genotypes, 300 seeds
and 300 pedicels were investigated. The separated pilei were observed from two directions
based on the method described by Okubo (2014). The separation pileus was classified as
flat if it was flat from both directions. Furthermore, a partly flat pileus in which the flange
of separation pileus was recognized as flat but the center of it was scarcely prominent,
was also classified as flat (Figure 1A,B). If the pileus was bulging, it was classified as
prominent (Figure 1C,D). Severely damaged pilei were not scored. To determine the
type of shattering, 5 panicles of each variety were investigated. All grains of 5 panicles
were removed longitudinally and 300 detached seeds were observed from each variety.
Two types of grain shattering habit were identified as type A: the seeds were separated
between sterile lemma and rudimentary glume, type B: torn off at a part of the pedicel
(Figure 2). Imaging was performed using a Nikon P-400Rv/P-400R Digital Microscope
(Nikon Corporation, Tokyo, Japan), P-MFSC Motorized Focusing Stand Controller, and
PTPM Touch Panel Monitor kit. Extended depth of focus (EDF) images were taken which
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are all-in-focus images created by the combination of multiple images of a separation
pileus of one rice grain captured at different focus points. The grain shattering pattern was
captured in the same way.
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Figure 2. Types of grain shattering. Type A: the seeds were separated between sterile lemma and
rudimentary glume; Type B: torn off at a part of the pedicel. SL: sterile lemma; RG: rudimentary
glume; BP: bent portion of the pedicel.

3. Results
3.1. Morphological Evaluation of the Type of Grain Shattering and the Shape of the
Separation Pileus

We performed microscopic observation of the type of grain shattering and the shape
of the separation pileus (Table 2). Most of the separation pilei were identified as prominent
in the case of each genotype (70.7–94%). The percentage of flat type was the lowest in the
case of ‘M 225’ while the highest was in ‘Ábel’. The type of grain shattering was found
closely connected with the shape of the separation pileus (Table 2). Almost all grains were
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categorized as Type A. The ratio of Type B for ‘M 225’, ‘Janka’, ‘M 488’, and ‘Ábel’ was only
4.7, 8.3, 9.3, and 13.3%, respectively.

Table 2. The shape of separation pileus and the type of grain shattering of four rice varieties. Type
A: separated between sterile lemma and rudimentary glume. Type B: torn off at bent portion of
the pedicel.

Variety
Shape of Separation Pileus Type of Grain Shattering

Prominent Flat A B

‘Janka’ 277 (92.3%) 23 (7.7%) 275 (91.7%) 25 (8.3%)
‘M 225’ 288 (94.0%) 18 (6.0%) 286 (95.3%) 14 (4.7%)
‘M 488’ 266 (88.7%) 34 (11.3%) 272 (90.7%) 28 (9.3%)
‘Ábel’ 212 (70.7%) 88 (29.3%) 265 (86.7%) 35 (13.3%)

3.2. Meteorological Data and Its Effect on the Seed Moisture Contents (MC) and Threshing
Force (TF)

According to our results, the 5-day average values of meteorological parameters except
Tmin have a significant influence on the average MC of the varieties (see Mean in Table 3).
However, the parameters were not correlated with the TF. Even so, we detected some
differences among the varieties. In the case of ‘M 488’ and ‘M 225’, the Tmax and Tmin had
negative (−0.524 * and −0.643 **) and positive (0.829 ** and 0.663 **) significant effects on
the TF, respectively. The RH% also had a significant negative influence (−0.553 *) on the TF
in ’Ábel’. However, in the case of ‘Janka’, significant impacts were not identified (Table 3).

Table 3. The correlation matrix among the meteorological parameters, moisture content (MC), and
threshing force (TF). The mean indicates the average of the four varieties. * or ** means that correlation
is significant at the 0.05 or 0.01 level (2-tailed).

Variety Parameters Precipitation Tmean Tmin Tmax RH (%)

‘Janka’
TF 0.228 −0.209 0.045 −0.194 0.119
MC 0.465 0.360 −0.047 0.309 0.408

‘M 488’
TF −0.210 0.284 0.829 ** −0.524 * −0.305
MC 0.361 0.646 ** 0.162 0.325 0.421

‘M 255’
TF −0.305 0.078 0.663 ** −0.643 ** −0.140
MC 0.229 0.129 −0.043 0.116 0.357

‘Ábel’
TF −0.214 0.498 0.051 0.252 −0.553 *
MC 0.640 * 0.430 −0.325 0.520 * 0.207

Mean
TF −0.083 0.205 0.267 * −0.091 −0.142
MC 0.386 * 0.399 ** −0.021 0.302 * 0.328 **

Generally, the average MC values were highest in the year 2019 (Table 4) during the
whole ripening phase. Compared to the other years, the higher total amount of precipitation
in September 2019 (46.1 mm) could be the reason for that. This trend was followed by the
MC too. In each tested year, MC values of ‘M 488’ were statistically higher than ‘Janka’
on the DAF 37, DAF 42, and DAF 50. Statistically lower MC values were also determined
for ‘M 225’ than for ‘M 488’ until the DAF 50 in 2018 and DAF 50 and 55 in 2019 and
2020. However, there were some exceptions, the MC decreased during the ripening of the
genotypes (Table 4).

3.3. The Connection among TF and Other Dependent Parameters

Based on analyses of variance (Table 5), we found a significant genotype effect on
the threshing force. However, the year and day after flowering did not show a significant
influence on the TF.
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Table 4. Seed moisture content (%) value changes of four rice varieties (Szarvas, Hungary, 2018, 2019,
2020). The different lowercases mean significant differences among the varieties at level 0.05, and the
different capital letters show significant differences within varieties among the measurement times at
level 0.05.

Year Number of
Measurements ’Janka’ ’M 225’ ’M 488’ ’Ábel’

2018

1 23.07 Db ± 1.09 20.91 Cab ± 2.76 26.11 Dc ± 2.51 21.05 Ba ± 1.61
2 13.99 Ca ± 0.86 14.64 Ba ± 0.68 18.48 Cb ± 1.40 25.19 Cc ± 1.11
3 10.04 Aa ± 0.85 12.19 Aa ± 1.82 14.69 Ba ± 1.36 -
4 11.94 Ba ± 0.65 12.16 Aa ± 1.20 11.98 Aa ± 0.32 15.75 Aa ± 0.95

2019

1 23.55 Db ± 1.25 21.22 Aba ± 2.51 27.64 Cc ± 1.90 23.58 Bb ± 2.37
2 21.33 ABCa ± 1.52 22.50 Abab ± 1.96 25.48 ABCb ± 3.29 23.06 Bab ± 2.38
3 23.21 BCDc ± 1.56 20.97 Abab ± 1.14 23.24 Abbc ± 2.55 20.12 Aa ± 2.64
4 21.92 Bca ± 0.71 21.41 Aba ± 1.08 24.65 Abb ± 2.59 20.07 Aa ± 2.10
5 21.86 BCb ± 0.56 20.75 Aab ± 1.95 24.58 Bc ± 1.51 20.10 Aa ± 0.81
6 20.35 Aa ± 1.11 22.93 Bb ± 1.23 22.16 Ab ± 1.77 19.06 Aa ± 1.51

2020

1 19.89 Ba ± 1.27 24.16 Db ± 2.28 24.52 Cb ± 4.11 19.24 Ba ± 1.67
2 18.88 Ba ± 2.53 19.58 Cab ± 1.97 22.04 BCc ± 2.84 21.84 Cbc ± 1.26
3 16.65 Aa ± 1.60 17.74 Bcab ± 1.96 20.16 Abb ± 2.76 18.16 Bb ± 0.69
4 15.81 Aa ± 1.68 15.28 Aa ± 1.57 20.11 Abb ± 2.74 18.26 Bb ± 1.43
5 16.17 Aab ± 1.44 15.60 Aa ± 1.29 17.54 Ab ± 1.58 16.02 Aa ± 0.86
6 16.42 Aab ± 1.05 17.17 AB ± 0.97 - 15.85 Aa ± 1.00

Table 5. The result of analyses of variance (ANOVA) of threshing force. SS—Sum of squares,
df—degree of freedom, MS—mean squares, F ratio, and Sig.—p-value.

SS df MS F Sig.

Variety 10.12 3.00 3.37 19.86 0.02
Year 0.81 2.00 0.40 2.37 0.24
DAF 0.51 5.00 0.10 0.60 0.71

3.4. Threshing Force Changes between Measurement Times (DAF)

The TF data across three years can be seen in Figure 3. We detected a decreasing trend
in ‘M 488’ from the beginning of the ripening to the harvesting time in each year and in
‘Ábel’ in 2018 and 2019. However, the other two varieties (‘Janka’ and ‘M 225’) did not
show significant variability in TF during the whole harvesting period. In 2018, the TF
decreased in the case of ‘M 488’ and ‘Ábel’ from 2.35 ± 0.34 to 1.49 ± 0.38 N (p < 0.01) and
from 2.03 ± 0.57 to 1.12 ± 0.37 N (p < 0.01), respectively. Although in the next two years,
the reduction of the TF values of ‘M 488’ was also noticeable from 2.38 ± 0.64 to 1.59 ± 0.46
N (p = 0.11) in 2019 and from 3.31 ± 1.00 to 2.30 ± 0.78 N (p = 0.058) in 2020, respectively.
However, the changes were not significant at a level of 0.05 because of the extremely high
standard deviation.

3.5. TF Value Differences among the Examined Varieties in Different Measurement Times (DAF)

Figure 4 represents the differences of the TF among the examined varieties. Significant
differences in the TF values were found among varieties in each year. In all cases, ‘Janka’
showed the lowest values. Moreover, there were no statistical differences among the
measurement times and the years. ‘M 225’ showed slightly higher values than ‘Janka’,
although statistical differences were detected between ‘Janka’ and ‘M 225’ varieties only at
the beginning of the ripening period. According to our results, the ‘M 488’ needs the highest
TF in each year and measurement time. The differences between ‘M 488’ and the other two
genotypes (‘Janka’ and ‘M 225’) were statistically significant. In 2020, the TF values of ‘M
488’ were higher than the previous year, however, this increase was statistically significant
only at the DAF 46 (1.71 ± 0.73 N in 2019, 3.31 ± 1.00 N in 2020, p < 0.01), despite the high
standard deviations. TF 2.26 ± 0.53, 1.84 ± 0.74, and 2.30 ± 0.79 N were measured on the
DAF 55 in 2018, 2019, and 2020 respectively. ‘Ábel’ showed significantly higher values than
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‘Janka’ until the DAF 50 in each year. However, the TF values of ‘Ábel’ were reduced to
1.12 ± 0.37 (2018), 1.32 ± 0.51 (2019), and 1.60 ± 0.50 N (2020) for the last measurement
times (DAF 59). In general, ‘Ábel’ did not show significant differences from ‘M 225’ or
‘M 488’.
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In the average of the three years, we found the lowest TF value in the case of ‘Janka’
(1.02 ± 0.03) and the highest was in ‘M 488’ (2.23 ± 0.40, Table 6). The highest difference
was also in ‘M 488’ among the examined years, while the other ones were quite stable.
Across the three-year experiment, we also observed a negative correlation between the
DAF and the MC (mean row in Table 7). However, the TF was decreased significantly with
maturity progress only in two varieties (‘Ábel’ and ‘M 488’). The MC showed a very low
correlation with the TF value in the average of the varieties (0.312 *).
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Table 6. The threshing force (TF) values among the varieties and years. Every TF is an average of all
measurements data.

Year
Variety

‘Janka’ ‘M 225’ ‘M 488’ ‘Ábel’

2018 1.03 N ± 0.13 1.21 N ± 0.12 2.07 N ± 0.04 1.55 N ± 0.46
2019 0.99 N ± 0.07 1.20 N ± 0.11 1.94 N ± 0.27 1.59 N ± 0.36
2020 1.04 N ± 0.18 1.49 N ± 0.18 2.69 N ± 0.43 1.52 N ± 0.16

Mean 1.02 N ± 0.03 1.30 N ± 0.17 2.23 N ± 0.40 1.55 N ± 0.03

Table 7. Pearson correlation between days to flowering (DAF), threshing force (TF) values, and
moisture content (MC) of three-year averages of ‘Janka’, ‘M 225’, ‘M 488’, ‘Ábel’ and all variety
together, respectively. * or ** means that correlation is significant at the 0.05 or 0.01 level (2-tailed).

Variety Parameters DAF TF

‘Janka’
TF 0.022 1
MC −0.520 0.053

‘M 488’
TF −0.538 * 1
MC −0.717 ** 0.078

‘M 225’
TF −0.103 1
MC −0.542 * 0.093

‘Ábel’
TF −0.538 * 1
MC −0.717 ** 0.078

Mean
TF 0.232 1
MC −0.602 ** 0.312 *

4. Discussion

In our investigation, four local temperate japonica rice varieties were examined to
determine the effect of meteorological parameters and the type of separation pilei on the
threshing force (TF). We also focused on the connection between the moisture content
and the TF, because there is no agreement on what extent the moisture content influences
threshability. A number of studies have shown that seed shattering may be controlled
by environmental factors such as relative humidity and temperature [27–29]. Our results
revealed that the precipitation and relative humidity has no significant influence on the TF,
only just on the MC. Although we detected a high correlation in some varieties (‘M 488’ and
‘M 225’) for temperature parameters (Tmax and Tmean), the minimum temperature was the
only factor that correlated significantly to the TF in the average of all varieties. This result
confirms the consequence of Shin et al. who reported a higher significant impact (0.759 *) on
TF [14]. On the other hand, the grain threshability depends on the shape of the separation
pilei [20], the strength of spikelet attachment to the panicle [30], and the different moisture
contents of the seed [31]. The shape of the separation pilei and type of seed shattering
suggested that the threshing force would be the lowest in ‘M 225’ and the highest in ‘Ábel’
since the percentage of prominent shape correlated to the TF [20]. However, we detected
the lowest TF in ‘Janka’ and the highest TF in ‘M 488’, but the differences between ‘Janka’
and ‘M 225’ and the other two genotypes were not significant. Our results showed a weak
significant positive correlation between MC and TF (0.312 *). This outcome confirms the
results of Zong et al. who found that the detachment force range was 1.48 N to 2.29 N in
high moisture content, while it was lower (0.86 N to 1.15 N) in a low moisture content [32].
In contrast, Ebata and Tang et al. reported a higher breaking tensile strength (BTS) with
low moisture content [33,34]. As was expected, with ripening progress (higher numbers
of DAF), the MC reduced (−0.602 **). Besides this, the DAF also correlated with the TF
in two varieties (‘M 488’ (−0.538 *) and ‘Ábel’ (−0.538 *)). Most researchers reported that
the TF is stable from 20–25 days after flowering or heading in japonica rice [18,35,36], or it
decreased, but not significantly [17]. We found both phenomena (Table 5), but they varied
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year by year and variety by variety (Figure 3). The average TF of japonica was around
2N [13,18,37], in some cases 1.5N [12,17], but no one reported below 1.5N. According to
our results, the average TF of ‘Janka’ and ‘M 225’ was 1.02 N ± 0.03 and 1.30 N ± 0.17 over
the three experimental years, respectively.

5. Conclusions

The ITM is provided comparable data of the threshability with a low standard devia-
tion. Our data showed quite stable significant differences among the genotypes. Similar TF
values were measured at the same ripening phases (DAF). This assumes that threshability
is a characteristic and selectable agronomic trait of the genotypes. Based on our results, the
most suitable time in DAF to measure the TF depends on the varieties. In the case of ‘Janka’
and ‘M 225’, the TF value is less dependent on the ripening state, so it can be measured
at any time during the ripening, however, our recommendation for testing is between the
DAF 45–55. For ‘M 488’, as its TF value reduced during ripening, it is better to measure
in the last third of the ripening, from DAF 50, as well as for ‘Ábel’, the TF value becomes
stabile around the DAF 50.

The meteorological parameters had a complex influence on threshing properties. The
relative humidity and temperature have a direct effect on the threshing force but also
indirect effects through the moisture content of the seeds.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy12030744/s1, Table S1: Meteorological data and DAF, Video S1:
Operation video of the ITM.
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