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ABSTRACT

This study was conducted to investigate the effect of donor and inducer
lines on the haploid induction rate in the in vivo maternal doubled haploid
technique in maize and to compare the methods used in haploid seed
separation. In the study, three donor materials were used for induction
crossing with two inducer lines. Seedling immersion and stem injection
techniques were used as chromosome doubling methods. Eye separation,
spectral measurements and image processing were used to identify seed
classes. Data were modeled using support vector machine method and

the research revealed that the haploid induction rate varies depending on
the donor genotypes and inducers, and the genotype responses against the
applied chromosome doubling method were also different. Differences
were observed in the success of the three methods compared for haploid
and diploid seed separation. The successful classification rates were 87%,
83%, and 79% in visual, spectral and image processing models,
respectively. Results showed that both spectral technique and image
processing technique can be used to distinguish haploid/diploid seeds in
in vivo maternal haploid technique.

created models were evaluated over the complexity matrix. The results of
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1. Introduction

Parental line development is one of the strategic steps in hybrid maize breeding. Traditional methods for developing parental
lines require selfing over 6-10 generations (Hallauer et al. 2010). In addition, it is theoretically impossible to reach 100%
homozygosity by traditional methods; therefore, there is a need to develop alternative methods. Traditional methods are time
consuming and labor-intensive process, which are main disadvantages of them. In vitro (Chidzanga et al. 2017) and in vivo
(Chalky 1994) techniques developed as alternatives to classical methods used for pure line development in maize breeding
eliminated these disadvantages and proved very convenient to breeders. The in vivo doubled haploid technique is widely
preferred compared to in vitro methods due to its ease of application and higher success rate.

The in vivo haploid technique is based on obtaining haploid seeds after hybridization of the donor material with a parent
called the “inducer”, and duplication of the chromosome number of haploid seedlings with specific chemical agents. In practice,
this technique is applied in two ways, paternal and maternal in vivo haploids. The paternal haploid technique relies on using the
donor material as male, while in the maternal haploid technique, the donor material is used as the female parent in the induction
cross (Rober et al. 2005; Chidzanga et al. 2017). Almost all maternal haploid inducers currently used are generated from an
inducer line called Stock 6 (Choe 1959). While the induction potential of Stock 6 was about 2-3%, the induction potential of
materials such as RWS, UH400, PHI and MHI developed from this material was increased to 7% to 16% (Kalinowska et al.
2019). As a result, the use of the in vivo haploid technique in maize breeding studies has recently become popular. Regardless
of the induction method or induction line used, increasing the success of this method has strategic importance for maize breeding
programs all over the world.

Success with the in vivo haploid technique can be attained by three main factors. The first is the genotypic characteristics of
the inducer or donor materials, the second is the chromosome doubling method used, and the third is the identification success
of haploid seeds. Obviously, the growing conditions and environmental factors cannot be ignored in the success of the in vivo
haploid technique.
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The most important genotypic effect in the in vivo doubled haploid technique is the induction potential of the inducer line
used. Not all inducers provide the same success, and they cannot be used in harmony with every donor (female parent) genotype.
In fact, the induction rates achieved in studies using different numbers of donor materials showed a wide variation ranging from
7.1% to 12.8% (Cerit et al. 2016; Zararsiz et al. 2019). These results demonstrate that donors and inducers play a key role in the
in vivo doubled haploid technique.

The second issue affecting the success of the in vivo doubled haploid technique is the chromosome doubling method. The
main techniques used for chromosome doubling are application of an inducing agent (colchicine) to the stem or seedlings; or
alternatively, giving ozone or N20 gas treatment to seedlings (Chaikam et al. 2019). Among these methods, seedling immersion
(Prasanna et al. 2012) and colchicine injection to the stem (Vanous et al. 2017) are among the most widely-used techniques.
These techniques show differences in terms of application, and affect both the chromosome doubling rates and the number of
DH1 seeds that are finally developed.

The third aspect that influences the success of the in vivo haploid technique is the correct identification of haploid seeds. The
usual approach used in the selection of haploid seeds is by human eye selection. This selection made anthocyanin production by
the effects of marker genes alleles namely as R1-nj and PI1 (Uliana Trentin et al. 2020). R1-nj allele causes the seed coloration
while PI1 allele creates colored roots after induction crossing. Selection by haploids/diploids by eye can be performed based on
the color change in the embryo and crown area of the seed or root coloration caused by dominant marker genes carried by the
inducer lines (Vanous et al. 2017). Since the labor force required to do this task is high with the visual selection method, and the
error rate depends on the person performing the classification, alternative methods are needed. For this purpose, it has been
shown that by digitizing images taken of the seeds, visual distinction can be carried out more precisely and faster (Altuntas et al.
2018; Veeramani et al. 2018; Altuntas & Kocamaz 2019; Altuntas et al. 2019).

Studies have also shown that it is possible to separate haploid seeds using near infrared spectroscopy (Jones et al. 2012; Lin
et al. 2017). It has also been suggested that haploid seed classification is possible depending on the seed oil content and seed
color, and that the oil content can be determined by a nuclear magnetic resonance (NMR) device without damaging the seed
(Melchinger et al. 2013; Melchinger et al. 2014). Haploid identification can not only determine the seed level in maize but also
be carried out based on plant measurements. Choe et al. (2012) developed a method based on the measurement of stomatal cell
width at the 2-leaf stage to differentiate true haploid and diploid plants. They verified the results by coloration in the stalk and
flow cytometric measurements and emphasized that this classification was successful in the 7-leaf period.

Studies on the in vivo doubled haploid technique in the current literature are constantly increasing. Investigating the
interaction of inducer and donor materials, and developing methods for successful haploid/diploid seed classification are among
the most studied topics. However, the fact that the techniques used in studies on haploid/diploid seed classification were carried
out according to a single method (eye separation, image processing, spectral techniques, etc.) leaves an important gap in the
scientific literature. A detailed comparative study is needed to clearly identify the advantages of one method over another.
Furthermore, a comparison of haploid induction rates and the success of tropic and temperate inducers are still open to research.

Accordingly, this study was carried out i) to investigate the reactions of donor materials to different inducers and chromosome
doubling methods, and ii) to compare the effectiveness of different techniques used in haploid seed classification.

2. Material and Methods

2.1. Plant material

In this study, 3 donors and one inducer (RWK76/RWS) belonging to AGROMAR Inc. Donors are F2 materials from AGROMAR
maize genetic stocks. Other inducer line (CIM2GTAIL-P2) was used with permission from The International Maize and Wheat
Improvement Center (CIMMYT) for scientific studies in the Field Crops Department of Canakkale Onsekiz Mart University
(Turkey), Faculty of Agriculture (Table 1).

Table 1- Donor and inducer materials used in this study

Code General Features Source

DNR1 Donor material AGROMAR Inc.
DNR4 Donor material AGROMAR Inc.
DNR5 Donor material AGROMAR Inc.
CIM2GTAIL-P2 Second generation inducer line CIMMYT
RWK76/RWS Inducer hybrids AGROMAR Inc.

2.2. Induction crossing

Induction hybridization was carried out under greenhouse conditions in this study. Each donor was planted in pots with 60-70
plants. Transplantation was carried out in September 2019. When the plants reached the flowering stage, pollination was carried
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out with at least 10 plants belonging to each donor genotype by using each inducer line as the pollen source (male parent). The
controlled pollination method suggested by Kahriman (2016) was used in the pollination process. The harvest was carried out
by hand and DHO seeds obtained from induction crosses were kept at +4 °C for use in the next steps.

2.3. Seed classification methods

Three different classification methods were used in the study, and haploid identification was performed based on observation by
eye, spectral data and image data, respectively. At least 200 seeds (100 haploids and 100 diploids) were separated for each donor
material and totally 600 seeds were used for performing seed identification methods. Detailed information about the identification
methods used is described below.

The first separation of the seed samples (with the eye) was named "Initial Classification™ in the study, and classification was
made according to the coloration of the embryo and crown area in DHO seeds. If there was coloration in the crown area and
without coloration in embryo of the seed examined, this seed was considered as haploid, and if there was coloration in both the
crown area and the embryo region, this seed was evaluated as diploid. A seed-based labeling method was used in order to prevent
confusing seed samples classified by eye separation with the stage of the field evaluation. Seed samples were kept at +4 °C in
the labeled seed trays until other measurements were carried out.

Image classification at the single seed level was performed by making some revisions to the method suggested by Altuntas
et al. (2018). The images of the seeds, which were separated by the eye, were recorded by the embryo side in the desktop scanner
with jpeg extension. The background of the seed images was black and this was removed before the extraction of image features.
A total of 6 different features were extracted to be used in modeling studies based on the image data. These were the pixel values
of the R, G, B channels of the whole seed image and the pixel values of the R, G, B channels of the embryo region. Segmentation
and feature extraction operations were carried out with the R package program (R Core Team 2019). These data were kept as an
excel file to be used in model development studies.

Spectral data (1200-2400 nm interval) were taken from each seed that was classified by eye and image processing (Figure
1). Data were collected in terms of the embryo side of the seeds, and for this purpose a special sample cup for single seed
measurement was used in the NIR spectroscopy device (Spectrastar 2400D, Unity Scientific, USA). Spectra acquisition was
carried out in the stationary measurement mode. The obtained spectral data were recorded with the label given to the individual
seed sample and converted into an excel file to create the spectral models.

1.6

Reflectance

1200 1400 1600 1800 2000 2200 2400
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Figure 1- Spectral data obtained from single seed NIR measurements
2.4. Chromosome doubling methods

Two different chromosome doubling methods were used in the study. One of these methods is seedling immersion, which is
widely used in the scientific literature (Deimling et al. 1997). The first 50 of the 100 haploid seeds for each donor X inducer cross
were germinated in the way that the seed labels were given at the classification stage. After germination, the root tips and
coleoptiles (2-3 cm) were cut with a scalpel and kept in a colchicine tank for 12 hours in a solution containing 0.06% colchicine
and 0.05% DMSO (Dimethyl sulfoxide). At least 50 seeds per donor remaining from the first method were germinated and the
doubling chemical solution was injected into the stem according to the stem injection method proposed by Zabirova et al. (1996).
In the injection, a doubling solution consisting of 100 microliters 0.125% colchicine and 0.5% dimethyl sulfoxide (DMSO) was
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injected to stem with a 1 mL sterile syringe at the stage of 2-3 collared leaves (Vanous et al. 2017). After the injection, the plants
were kept under greenhouse conditions until they reached the stage to be transplanted in the field. The number of plants that
remained alive at the stages of germination, seedling and transplanting to the field was recorded. In both methods, the
transplantation process was performed by germinating the diploid seeds without chromosome doubling treatment.

2.5. Growing DHO plants in the field and determination false classified seeds

At this stage, the colchicine-treated seedlings of haploids and untreated diploid seedlings were transplanted into the field. In the
transplanting process, the seedlings obtained from haploid and diploid seeds were transferred to the field in 2-row sub-plots of 5
meters according to the seed labels. One label was used per seedling and the observations made in the field were taken according
to these labels, which show the original seed code.

In order to verify the success of the chromosome doubling treatment and the methods used in seed classification, the
haploid/diploid plants were subjected to "Final Classification”. This classification was made based on the visual state of the
plants investigated. Vigorous plants with stem colorization were accepted as diploid, while the plants with erect leaves were
classified as haploid. In addition, the success of chromosome doubling process was controlled by checking the fertile plants
under field conditions. Records were kept on the labels given to the seeds throughout the whole process, from the beginning of
the study to the field stage.

2.6. Statistical analysis
From the calculations made for the first aim of the study, the haploid induction rates and the success of the doubling process

according to the state of DH1 plants were determined according to the equations 1, 2, 3, 4, and 5 suggested by Zararsiz et al.
(2019).

. . b haploid d

Haploid Induction Rate (HIR) = (Num er of haplold see S)x 100 Q)
Number of total seeds

Haploid Germ. Rate (HGR) _ (No.of haploid seeds—No. ol.‘ unger. seeds) x 100 (2)
Num. of total haploid seeds

.. . b l d dli

Surviving Seedlings Rate (SSR) = ( Number of transplanted seedlings )x 100 ?3)

Number of colchicine—treated seedlings

Number of surviving plants

Surviving Plant Ratio (SPR) = ( )x 100 4

Number of transplanted seedlings

100 (5)

Number of fertile plants )
Number of selected plants

Chromosome Duplication Rate (CDR) = (

For the second aim of the study, the evaluation statistics were calculated over the confusion matrix between the results
obtained from the initial classification made by eye and the final classification performed in the field. Initial and final
classification data were used as dependent variables in developing classification models based on images and spectral data. In
order to develop spectral models, two separate classification models (Spectral Model 1 and Spectral Model 2) were created by
using the support vector machines (SVM) method. In these models, spectral data between 1200-2400 nm were used as the
predictive variable, and initial classification and final classification data as the predicted variable.

For the purpose of model development based on image data, 6 different features extracted from the images were taken as
predictive variables, and two separate classification models (Image Model 1 and Image Model 2) were created using SVM
method. Additionally, the Classification and Regression Tree (CRT) method was used in order to determine the features that
were effective in haploid/diploid seed classification and the limit values of the features extracted from image data. All analyses
were made in the R program (R Core Team 2019). For comparison of the created estimation models, the calculations made over
the confusion matrix (Table 2) were used.

Table 2- Confusion matrix template used in calculations for classification of haploid and diploid seeds

Actual
Prediction Haploid Diploid
Haploid TP FP
Diploid FN TN

The false discovery rate (FDR) and false negative rate (FNR) were determined using the confusion matrix using Equations 6
and 7 suggested by Melchinger et al. (2013). In addition, the calculations for the classification success of the models were
followed by the sensitivity, specificity, prevalence, positive predictive value, negative predictive value, detection rate, detection
prevalence, balanced accuracy, and accuracy values over the confusion matrix, calculated according to the equations 8-16.
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FN

FNR = (6)
TP+FN
FDR = 2 W)
TP+FP
P TP
Sensitivity = TPEFN ©))
e ., TN
Specificity = PN ©)
Prevalence = — N __ (10)
TP+FN+FP+TN
Pos. Pred.Val.(PPV) = — (11)
TP+FP
TN
Neg.Pred.Val (NPV) = ——— (12)
Detection Rate = ————— (13)
TP+FN+FP+TN
Detection Prevalence = ———""__ (14)
TP+FN+FP+TN
Balanced Accuracy — Sensitivityiz-Specificity (15)
Accuracy = —2TN__ (16)
TP+FN+FP+TN

In addition to these calculations, Spearman Rank Correlation was applied in the R program (R Core Team 2019) in order to
determine the relationship between model predictions and the actual case. The correlation coefficients obtained are shown in the
evaluation table of the model statistics.

3. Results and Discussion
3.1. Donor x inducer interaction on success of haploid induction

The haploid induction rates in this study varied between 9.2% and 16.1% (Table 3). Since HIR calculations were made on all
seeds obtained from induction cross, they were not calculated separately according to chromosome doubling methods. It was
observed that DNR1 and DNR5 provided higher HIR with RWK76 / RWS inducer line and DNR4 with CIM2GTAIL-P2 incuder
line than other induction crosses. After randomly separating two subgroups of haploid seed samples for each chromosome
doubling methods, haploid germination rates (HGR) varied between 64% and 100% in seedling immersion method and 72% to
93% in stem injection method. The stem injection method had a higher average for the surviving seedling rate (SSR) than the
seedling immersion method. This continued in the plants surviving rate (PSR) in the field and stem injection method was also
found to be advantageous compared to seedling immersion method. Chromosome doubling rates of the donors used were found
to be higher in seedling immersion method for all donors except for the DNR4XCIM2GTAIL-P2 cross (Table 3).

Table 3- HIR (%), HGR (%), SSR (%), SPR (%) and CDR (%) values for donor materials according to chromosome
doubling methods

Chromosome Doubling Method Induction Cross HIRf  HGR SSR SPR CDR
DNR1XCIM2GTAIL-P2  9.20 80.0 56.0 88.0 46.7

o5 5 DNR1XRWK76/RWS 1050 770 85.0 100.0 50.0
% ?, § DNR4xCIM2GTAIL-P2  13.80 1000 58.0 60.0 46.2
3 E § DNR4XRWK76/RWS 1040 98.0 63.0 82.0 39.5
» E DNR5xCIM2GTAIL-P2  9.70 64.0 47.0 87.0 42.9
DNR5XRWK76/RWS 16.10 93.0 68.0 100.0 459

Mean 1162 853 62.8 86.2 45.2

DNR1xXCIM2GTAIL-P2 9.2 85.0 100.0 100.0 357

c 5 DNRIXRWK76/RWS 1050 88.0 88.8 100.0 457

= % § DNR4xCIM2GTAIL-P2  13.80 76.0 100.0 1000 47.2
» Z § DNR4XRWK76/RWS 1040 93.0 100.0 85.0 32.3

DNR5xCIM2GTAIL-P2  9.70 88.0 100.0 90.0 39.6
DNR5XRWK76/RWS 16.10 720 100.0 92.0 38.0
Mean 1210 837 98.1 94.5 39.7

+: HIR rate is the same for both chromosome doubling methods due to the HIR calculation based on haploid/diploid seed classification at the beginning of the study
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HIR values for the in vivo maternal haploid technique varied between 2.8% and 12.8% in the scientific literature (Eder &
Chalyk 2002; Prigge et al. 2012; Cerit et al. 2016; Zararsiz et al. 2019). It was emphasized that the HIR varies according to the
donors and inducer lines used. The results obtained in the current study are also in agreement with this. The germination rates of
haploid seeds are relatively low compared to diploids. In our study, the results obtained during the germination stage are similar
to those obtained in previous studies. It was observed that the chromosome doubling treatment had a significant effect on plant
viability. Seedling immersion method was found to be disadvantageous in terms of the number of seedlings and plants surviving
both in the seedling and field stage compared to stem injection method. In other studies, the number of seedlings and plants
surviving with the seedling immersion method were found to be between 57.9% and 72.9%, respectively (Zararsiz et al. 2019).
These results can be attributed to the adverse effects of root tip cutting on plant growth and survival rate.

Chromosome doubling rates (CDR) are ultimately an important parameter in the in vivo maternal haploid technique. In our
study, chromosome doubling rates ranged from 32.3% to 50.0% and these results were similar to the values reported in the
current literature (Prasanna et al. 2012; Zararsiz et al. 2019). On the other hand, it has been observed that there are significant
differences between induction crosses. According to all assessments, the interaction of donor and inducer lines, as well as their
reactions to chromosome doubling methods used in the in vivo maternal haploid technique, displayed significant differences.

3.2. Comparison of seed classification techniques

The confusion matrix of the seed classification results is presented in Table 4. In this matrix, haploids are taken as positive groups
and diploids as negative groups. The results for initial classification and final classification showed that eye classification had
higher rate of misclassification in haploid seeds than diploids (Table 3). Based on initial classification results, 55 of the 245
haploid seeds and 13 out of 300 diploid seeds were misclassified. Considering the numbers in the final classification, 300 diploid
and 245 haploid seeds allocated at the initial classification were determined as 342 diploid and 203 haploid seeds. Dang et al.
(2012) attributed the increase of misclassification in the eye method to the fact that the donor material did not adequately show
the pigmentation resulting from the inducer line or had a genetic structure of donor material that prevented pigment formation.
In our study, the emergence of haploid plants from diploids can be attributed to the adequate selection of pigmentation in the
endosperm/embryo region or to spontaneous haploid formation. On the other hand, it is understood that the formation of
pigmentation in the embryo region of haploid seeds cannot be distinguished by the eye, and as a result, it is possible to classify
diploid seeds as haploid. As an alternative method in seed classification, spectral and image processing data are treated as
predictive, and the initial and final classification data made by the eye are taken as dependent variables, whereby FP values are
higher than visual classification (Table 4). Similarly, FN values are higher than the erroneous seed numbers in classifications
made by eye.

Table 4- Confusion matrix values for eye, spectral and image classification

Seed Identification Method FN FP TP TN
Eye 55 13 190 287
Spectral Model 1 65 23 180 277
Spectral Model 2 69 28 134 314
Image Model 1 81 39 164 261
Image Model 2 79 32 124 310
Mean 70 27 158 270

FP: False positive, FN: False negative, TP: True positive, TN: True negative

According to the statistics calculated over the confusion matrix (Table 5), eye classification had a higher accuracy (87.50%)
than the accuracy from the spectral models (Spectral Model 1= 0.839, Spectral Model 2= 0.822) and image models (Image Model
1=10.780, Image Model 2= 0.796). For all models, sensitivity values (Eye= 0.776, Spectral Model 1= 0.735, Spectral Model 2=
0.660, Image Model 1= 0.669, Image Model 2= 0.611), which show the proportion of correctly classified seeds separated as
haploid, were lower than specificity values (Eye= 0.957, Spectral Model 1= 0.923, Spectral Model 2= 0.918, Image Model 1=
0.870, Image Model 2 = 0.906), which are related to the proportion of correctly classified diploid seeds (Table 5). This was
confirmed by the FNR and FDR figures calculated on the confusion matrix, and the FNR values were found to be higher than
the FDR values for all classification models. Considering the rank correlations between the actual and predicted classes, eye
classification (r= 0.753) was observed to have higher similarity than the classification based on spectral models (r for Spectral
Model 1=0.667, r for Spectral Model 2= 0.612) and image analysis (r for Image Model 1= 0.552, r for Image Model 2= 0.553).
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Table 5- Evaluation/statistics based on confusion matrix for eye, spectral and image techniques

Statistics Eye Spectral Model 1 Spectral Model 2 Image Model 1 Image Model 2
Sensitivity 0.776 0.735 0.660 0.669 0.611
Specificity 0.957 0.923 0.918 0.870 0.906
Positive Prediction Value 0.936 0.887 0.827 0.808 0.795
Neg. Prediction Value 0.839 0.809 0.820 0.763 0.797
Prevalence 0.450 0.450 0.372 0.450 0.372
Detection Rate 0.349 0.330 0.246 0.301 0.228
Detection Prevalence 0.372 0.372 0.297 0.372 0.286
Balanced Accuracy 0.866 0.829 0.789 0.770 0.759
Accuracy 0.875 0.839 0.822 0.780 0.796
False Discovery Rate 0.064 0.113 0.173 0.192 0.205
False Negative Rate 0.224 0.265 0.340 0.331 0.389
Rank Correlation 0.753 0.667 0.612 0.552 0.553

When the classification methods based on spectral measurement and image analysis (used as alternative methods) were
examined, it was observed that the spectral models give more successful results. This result obtained from the spectral models
can be attributed to the characteristic features in the spectral data from haploid and diploid seeds. It is seen that the average
spectra of haploid seeds are higher than the spectra from diploid seeds throughout the scanned spectral range (1200-2400 nm)
(Figure 2). One of the main reasons for this difference is the existence of anthocyanin coloration in the embryo region of the
haploid and diploid seeds. In our study, spectral data were collected by the embryo side that is distinctive for haploid/diploid
seed classification based on anthocyanin coloration. While coloration is seen in the embryo region in diploid seeds, it does not
occur in haploid seeds. Therefore, some of the light energy sent from the spectroscopy device absorbed in the diploid seeds is
likely to be higher and lower in haploids. As a result of this, the average reflectance of haploid seeds was higher than that of the
diploids.

——Diploid =——Haploid
1.1
1
8 I \/
S08
g
s 0.7
1’3
0.6
0.5 -
0.4 T T T T T 1
1200 1400 1600 1800 2000 2200 2400
Wavelength

Figure 2- Mean spectra obtained from haploid and diploid seed classes

There are various studies in the literature that support these findings. In a study conducted by Lin et al. (2017), it was reported
that haploid seeds have higher reflectance values than diploids in the spectral range of 900-1700 nm. Our results also substantiate
these findings. The true classification rates of spectral estimation models were found to be relatively lower than other studies
conducted for similar purposes. For example, Liu et al. (2017) found the true classification rate to be 95% based on creating a
spectral model using SVM. In a different study, it was reported that over 90% success was achieved in the classification of
haploid seeds with NIR spectroscopy (Cui et al. 2019).

The reason for the difference between results can be attributed to several issues. Spectral pre-treatment was applied in the
study of Liu et al. (2017). In our study, spectral models were created without any data pre-treatment. On the other hand, there
are differences between the measurement specialities of the devices used in these studies. The device used in our study is not
suitable for contact measurement and can obtain spectral data in closed measurement mode. Therefore, it is not possible for the
light energy sent to the seed surface during measurement to provide regular reflection, as in contact measurements. However,
according to the results obtained in our study, the device used achieved an acceptable success (~ 82%) in the haploid/diploid
seed classification.

391



Kahriman et al. - Journal of Agricultural Sciences (Tarim Bilimleri Dergisi), 2022, 28(3): 385-395

The image analysis method used in the study was the method with the lowest success among the classification techniques
compared. One of the main reasons for this may be the use of a standard desktop scanner for collecting the seed images to
develop image models. Although this device offers a practical solution in image collection, it is observed that there are
unexpected changes in the color channels (R, G, B) of the seed images, except for seed coloration (Figure 3). The low accuracy
in models based on these data can be attributed to measurement methodology.
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Figure 3- Examples of haploid and diploid seed images of donor materials with RGB, R, G, and B channels

Various studies may be found in the scientific literature on haploid/diploid seed classification with the help of image
processing. Veeramani et al. (2018) used SVM, Random Forest (RF) and Logistic Regression (LR) methods to distinguish
haploid and diploid seeds by using images taken by the embryo side of seed samples. Researchers achieved 87.6% success in
seed classification with the SVM method. In another study in which image data and RGB channels were used in haploid/diploid
seed classification, the classification success was 98.04% and 94.4% for haploid and hybrid seeds, respectively (Zhang et al.
2013). It is seen that the correct classification rates of the models created in our study are relatively low when compared with
previous studies. This is due to differences in the image acquisition devices used and the method for processing image data. In
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our study, data obtained from a desktop scanner was used while high resolution imaging systems were used in other studies. This
may have caused a difference in classification success.

On the other hand, it has been reported that automatic classification of haploid/diploid seeds is possible with machine-assisted
image processing (Zhang et al. 2013). Integration of models created for image data input into a specific software or machines
suitable for automation is possible. To do this, it is important to determine the effect of color channels and the variables that
should be included in the models to be created. In our study, the initial classification and final classification data were modeled
with CRT analysis to examine the effect of the data of R, G, B color channels taken from the whole seed and embryo region on
the classification of haploid/diploid seeds.

CRT output created with the initial classification results, 13 different nodes were formed (Figure 4). Of these, nodes 1, 2, 6,
and 12 show the current path to differentiate diploid seeds based on image processing data, while nodes 3, 7 and 13 show the
current path to differentiate haploid seeds (Figure 4). According to the CRT graph, it is seen that haploid and diploid seeds can
be classified with the help of this model according to the embryo red band value (around 0.9) and the blue band value of the
embryo region (0.73). Seed samples were classified under 29 separate nodes in the CRT graph (Figure 5) created based on the
final classification data. Of these, nodes 1, 2, 6, 14, and 28 were used for the classification of diploid seeds, and nodes 3, 7, 15
and 29 for the classification of haploid seeds (Figure 5). Considering the effect of the variables of color channels on classification,
it is seen that the red band value of the embryo region, the blue band value of the whole seed and the embryo region are effective
variables to discriminate haploid/diploid seeds. According to the CRT analysis, it can be said that the red band value and the
blue band value of the embryo region are effective features in distinguishing haploid/diploid seeds based on both the initial and
final classification. In the “Final Classification”, the red band value of the whole seed is the main feature for distinguishing the
seed classes.

1

Diploid
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Yes Embryo R < 0.9 No  —-----mmq
3
Haploid
53%
oo Yes Embryo R < 0.92 No
6
Diploid
20%
~ Yes Embryo B>=0.73 No ==
i

2 !
12 13 7

Diploid Diploid Haploid Haploid
47% 8% 129, 33%

Figure 4- CRT plot generated from seed images based on initial classification of haploid and diploid seed samples obtained
from induction crosses
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Figure 5- CRT plot generated from seed images based on final classification of haploid and diploid seed samples obtained
from induction crosses

4. Conclusions

The results of this study revealed that the donor material, inducer line and chromosome doubling methods have important effects
on the success of using the in vivo maternal haploid technique in maize. According to the haploid induction rates and viability
levels of the donors used in the study, DNR4 gave more successful results than the others. Among the inducer lines,
RWK76xXxRWS shows good performance compared to CIM2GTAIL-P2. Regarding the chromosome doubling methods
compared, the seedling immersion method had a negative effect on the viability of the induction crosses. On the other hand, the
number of fertile plants was found to be higher with the seedling immersion method than the stem injection method. The results
of the current study are beneficial for researchers who may prefer these methods in further studies. Also, it should be considered
that colchicine treatment requires the special setup or controlling areas in both methods. Results indicates that cutting of root and
coleoptile parts has a negative effect on the success of seedling immersion method.

Significant differences were observed in the classification success of haploid/diploid seed classification methods compared
in the study. The average accuracy of eye separation (87.5%) was higher than the spectral method and image processing methods.
Despite this, it was observed that the models created based on spectral and image processing analyses give satisfactory results.
It appears possible to develop more successful models by increasing the number of materials/samples used in future studies using
powerful spectral and image analysis devices from which the measurements are taken and applying chemometric techniques to
the statistical analysis methods used.
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