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Introduction

Doubled haploids (DHs) are a valuable resource for breeding 
and genetic research. Doubled haploid breeding shortens 

the breeding cycle and permits homozygous lines to be 
produced from a segregating population. Because of their 
homozygosity and uniformity, DH lines are good materials 
for genetic investigations, particularly on quantitative 
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Abstract

To obtain immediate homozygosity by androgenesis, the doubled haploid method is often used. As a result, a mapping 
population was created utilizing rice (Oryza sativa L.) cvs. Mahulata and IR 20 as parents in order to find  
QTLs/genes for drought tolerance at the vegetative stage. The effectiveness of the doubled haploids (DHs) approach,  
on the other hand, is largely dependent on the ability to distinguish haploids from diploids among the green regenerants. 
Although flow cytometry and cytological screening for pollen sterility can be used to identify haploids, these methods 
are expensive, time-consuming, and need a sophisticated laboratory with highly trained workers. Plant height and 
other spikelet features have also been used to differentiate haploids from doubled haploids. However, no systematic 
analysis of several morphological features for distinguishing haploids in doubled haploids has been published to date.  
As a result, a cost-effective approach for distinguishing haploids from true DHs obtained from anther culture is required. 
The goal of this work was to identify haploids using morphological features and simple microscopic examinations 
without the use of chemicals or complex laboratory facilities. The cross between the IR20 and Mahulata yielded  
a total of 198 anther culture (AC) derived plants. A group of 41 plantlets was chosen as putative haploids based on their 
shorter height and Cq values using qPCR-based genotyping and finally validated that, in addition to plant height, other 
morphological traits such as total number of leaves/plant, total number of tillers/plant, and floral characters can be used 
to successfully identify haploids. We report a variety of morphological signs as indicators of haploid plants, including 
smaller plants, higher tiller density, narrower and shorter leaf length, and partial exertion of panicle from the flag leaf 
sheath. Other morphological markers for identifying haploids from DHs include smaller florets and anthers, and small 
desiccated microspores.
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features. They are also regarded as a permanent mapping 
population since they may be replicated and reproduced 
without undergoing genetic change over time (Semagn 
et al. 2006). These characteristics allow for precise 
quantitative trait measurement through repeated trials,  
as well as a reduction in the environmental component of 
overall phenotypic variance. It is important to assess the 
extent and occurrence of such variation in DH lines since 
this has important implications for the suitability of using 
the materials in breeding and genetic studies.

Rice (Oryza sativa L; 2n = 2x = 24) is a member of 
the Gramineae family of the genus Oryza, which contains 
24 species, 22 of which are primitive and the remaining 
two, O. sativa and O. glaberrima Steud., are cultivated 
(Khush 1997). All rice cultivars grown in Asia, Europe, 
and North America are O. sativa, but many cultivars 
grown in West Africa are O. glaberrima. In addition, there 
are two ecotypes of O. sativa: indica and japonica. Rice is 
the world's most important crop, with Asia producing and 
consuming more than 90% of the world's rice. Apart from 
that, India and China produce more than half of Asian 
rice. However, while the yield plateau appears to have 
been reached, more rice production is required to meet  
the demands of an ever-increasing population. 

When compared to traditional methods, which take 
at least 6 - 7 generations, producing doubled haploids 
by anther culture is a fast way to homozygosity that 
reduces the time to generate new rice cultivars. Hu and 
Zeng (1983) compared three rice breeding strategies for 
the development of novel rice cultivars: anther culture, 
bulk method, and pedigree method. Anther culture was 
the best approach for producing homozygous lines in  
the least amount of time, i.e., one to two years. Furthermore, 
anther culture-produced doubled haploids (DH) improve 
selection efficiency, especially when dominance variation 
is high. Despite all of these benefits, the creation of a mixed 
population with ploidy varying from 1x to 5x is a major 
disadvantage of anther culture-derived DH lines. Although 
most are haploids (30 - 35%) or diploids (50 - 65%) (Chen 
and Wu 1983, Mercy and Zapata 1986, Rout and Sarma 
1990) prior identification of haploids will save time and 
cost involved in doubled haploid production. Besides, 
molecular marker analysis cannot be used to differentiate 
haploids and doubled haploids. To date, the reports are 
meager on differentiating haploids and DHs in elite indica 
rice hybrids (Mishra et al. 2015). The present study aims 
to investigate the haploids in detail and to generate some 
combinations of agro-morphological indicators that can 
be used to distinguish the haploid plants from the putative 
DHs in indica rice without any cost-effective and time-
consuming measures.

Materials and methods

Experimental material: We used 198 dihaploids generated 
from the F1 generation of rice drought susceptible cv. IR20 
and drought tolerant cv. Mahulata in the experiment 
conducted in a greenhouse at the ICAR (Indian Council 
of Agriculture Research)-National Rice Research Institute 

(NRRI) in Cuttack. The anther culture-derived DHs were 
developed as per the standard protocol described by Naik 
et al. (2017) with slight modifications. A set of 136 and 62 
anther cultured derived plantlets were planted in pots in 
the greenhouse during the autumn 2019 and spring 2020. 
The earthen pots (height 45 cm and diameter 30 cm) were 
filled with homogenized NRRI farm soil and sealed at  
the bottom. Further, three holes were drilled at the bottom 
and plugged with stoppers to allow suitable drainage.  
The lower portion (80%) of the pots was filled with a bulk 
density equivalent to 1.15 g mL-1 of dry soil by compacting 
the soil even after every 5 cm during the filling process 
(Bernier et al. 2009). The pots were saturated with 
water for a few days before transplanting the seedlings.  
The upper (20%) portion was filled with lowland irrigated 
soil. The soil level was set aside 5 cm below the edge  
of the pots. Phosphorus and potassium were applied at  
an amount corresponding to 40 kg ha-1 along with nitrogen 
at 30 kg ha-1 as a basal dose. The rest amount of N  
(60 kg ha-1) was applied in two split doses. Seeding was 
performed by hand and prophylactic measures were taken 
whenever it was required, to maintain the disease and  
pest-free conditions.

Data collection: The characteristics like total number of 
leaves per plant, total number of tillers per plant, plant 
height, leaf length, leaf breadth, and chlorophyll content 
were recorded at the vegetative stage. Also, the nature 
of panicle exertion, floret size, anther position inside  
the spikelets, and anther length were recorded and 
visualized under the microscope at the reproductive 
stage. All the traits under consideration were taken from 
five randomly selected tillers from all the haploid rice 
plantlets derived from the embryogenic callus and selected 
according to their height and they were compared with  
the diploid rice plants (Zapata-Arias 2003, Mishra et al. 
2015). The microscopic study of individual florets was 
done in a stereo microscope (OLYMPUS SZX16, Tokyo, 
Japan). The microspore density was determined by simply 
dusting individual florets on a slide and counting them 
under the microscope. 

Extraction of genomic DNA: The leaf samples of 159 
rice lines (putative DH/putative haploids) and their 
diploid parents were collected and kept at -80°C in 
the refrigerator. A modified cetyltrimethylammonium 
bromide (CTAB) method of Doyle and Doyle (1987) was 
used for the genomic DNA (gDNA) extraction. Then, 
0.8% (m/v) agarose gel electrophoresis was used to 
determine DNA quality, and quantity was measured using 
a spectrophotometer. Further, high-quality gDNA was 
diluted to 50 ng L-1 and used for genotyping. 

Standardization of qPCR: A set of putative haploids/
doubled haploids, parental (diploids), and tetraploid rice 
lines gDNA was taken in six different (0, 10, 20, 30, 40, 
and 50 ng L-1) concentrations for the standardization of 
gDNA concentration for qPCR (BIO-RAD CFX96 real-
time system, Hercules, CA, USA) analysis. From this 
analysis, 30 ng L-1 DNA concentration was found to be 
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appropriate for qPCR quantification. Therefore, DNA 
concentration in all the samples was normalized to 30 ng 
and subjected to qPCR.

Design of the qPCR genotyping system: The putative 
haploids/DHs, parental (diploids), and tetraploids (based 
on their gigantic growth habits) gDNA were subjected to 
qPCR genotyping. The 25s housekeeping gene was used 
for the screening of the anther culture-derived rice plantlets 
with different ploidy levels. The qPCR system included 
gDNA (1.0 µL), primers (1.0 µL), ddH2O (3.0 µL), and  
2× Brilliant III SYBR® qPCR Super Mix Plus (Agilent, 
Santa Clara, CA, USA) (5 µL). The reaction program was 
95°C for 4 min, followed by 40 cycles (95°C for 15 s, 60°C 
for 30 s), and then melting curve analysis at 60 - 95°C.

Statistical analysis: The data generated were analyzed 
using XLSTAT 2020 v. 22.5.1050 and RStudio v. 4.2.2.

Results 

Initially based on the morphological assessment at the 
seedling stage, 41 plants (20.70%) were identified as 
putative haploids and 118 as putative doubled haploids or 
diploids out of 159 regenerants. Further, morphological 
analysis between putative haploids and doubled haploids/
diploids showed apart from plant height, three traits 
namely leaf number per plant, tiller number per plant, and 
leaf length also showed significant differences between 
the putative haploids and doubled haploids/diploids. 
In support of our observation, Mishra et al. (2015) also 
observed that haploid plants were smaller and had small 
glumes and sterile spikelets. Additionally, our analysis 
identified that tiller number, leaf number, and leaf length 
can also be taken as phenotypic markers for haploid plant 
identification. 

The Cq values of the 25s reference gene (Mbéguié-A-
Mbéguié et al. 2007, Thomas-Hall et al. 2007, van den 

Berg et al. 2007, Elitzur et al. 2010, Wang et al. 2010, 
Shekhawat et al. 2011) showed a linear relationship with 
ploidy level. Putative haploids/DHs, diploid parents, and 
tetraploid rice lines were subjected to qPCR, and it was 
found that the average Cq value for all the putative haploids 
was the highest (14.23) whereas the lowest Cq (12.76) was 
observed for the tetraploids (Fig. 1). The putative DHs 
and the diploid parents showed a Cq value of 13.4 and 
13.0, respectively, that fall in between the tetraploids and 
haploids.

Total leaf number per plant showed a very strong 
positive correlation (Table 1) with total tiller number 
per plant (0.924) and a weak positive correlation with 
chlorophyll content index (0.302), whereas a moderate 
negative correlation was observed with leaf length 
(-0.587), plant height (-0.562), and leaf breadth (-0.426). 
The total tiller number per plant was observed to have  
a weak positive association with the chlorophyll content 
index (0.353). Like total leaf number/plant, total tiller 
number per plant was moderately negatively correlated 
with leaf length (-0.663), plant height (-0.657), and leaf 
breadth (-0.457). Unlike total leaf number per plant, leaf 
length was negatively correlated with total leaf number per 
plant, total tiller number, and chlorophyll content index 
(-0.434). However, it showed a strong positive association 
with plant height (0.931) and it positively correlated with 
leaf breadth (0.398). The chlorophyll content index had 
a negative correlation with plant height (-0.418). Plant 
height had a positive correlation with leaf breadth (0.406). 

The amount of variance shared by plant height and 
leaf length was highest followed by tiller number per 
plant, leaf number per plant, and leaf length, tiller number 
(Table 2). In contrast, the lowest variance was shared by 
leaf breadth and chlorophyll content index followed by 
chlorophyll content index and leaf number per plant, and 
chlorophyll content index and total tiller number per plant. 
These findings indicate that, in the case of chlorophyll 
content index and leaf breadth, a very large amount, i.e., 
98% of variance was explained by other factors that were 

Fig. 1. The Cq values of the reference sequence (A) and the quantification graph of the qPCR genotyping system (B) in anther cultured 
derived rice lines of different ploidies.



297

 MORPHOLOGICAL SIGNS AS INDICATORS OF INDICA RICE HAPLOID PLANTS 

not taken in the experiment whereas for plant height and 
length and tiller number and leaf number per plant a very 
small amount of variance, i.e., 13 and 14% contributed by 
other factors, respectively.

Principal component analysis (PCA) is the most 
widely used multivariate analysis technique as it reduces 
data dimensionality and generates component scores 
that capture variance in the multivariate study (Siebert 
2001, Leardi 2002). Based on an eigenvalue greater than 
1, PCA was performed, yielding a single main principal 
component PC1. Furthermore, PC1 covered 61.15% of 
overall variability, whereas PC2 covered 15.17%, for  
a total variation of 76.32% across the two PCs (Table 3,  
Fig. 2). Furthermore, the contribution of each variable 
under study to each PC's variability was noticed (Table 4). 
For PC1, all variables except chlorophyll content index 
and leaf breadth showed a very high contribution, whereas 
these two variables had a major contribution for PC2 and 
PC3. The biplot of the PCA (Fig. 3) explains the traits that 
can be used for the identification of haploids. Also, the box 
plot (Fig. 4) illustrates that the observed variations among 
the studied traits were statistically significant between  
the putative DH/diploid groups and haploid groups.

The clustering of genotypes was also performed to 
confirm the results obtained in PCA. The two major 

clusters were formed using the Wardꞌs dissimilarity that 
divides the entire population under the experiment into 
two clusters (Fig. 5). Under cluster-I, 41 individuals 
were grouped and all were haploids whereas cluster-II 
contained 120 individuals that were diploids/DHs. Thus, 
both principal component and clustering analyses using 
morphological markers clearly distinguished haploids and 
doubled haploids. 

Pollen structure and fertility were studied in all 41 
haploid lines. All these haploid lines had infertile pollen 
(Mishra et al. 2015). All lines identified as haploids had 
smaller leaves (Fig. 6A), partial panicle exertion from 
flag leaf sheath (Fig. 6B), smaller floret, stamen, and 
carpels which were positioned towards the tip of the floret  
(Fig. 7A), and the very dry stigmatic surface as compared 
to the diploids (Fig. 7B). Besides these characters, haploids 
had smaller and desiccated anthers (Fig. 8A) and had very 
few desiccated microspores per unit area (Fig. 8B) when 
compared to individual diploids.

Discussion

Over traditional breeding, doubled haploid breeding 
has several advantages, including a shorter breeding 

Table 1. Pearsonꞌs correlation matrix. Values in bold are different from 0 with a significance level of alpha = 0.05.

Variables Total leaf number/
plant

Total tiller number/
plant

Leaf length 
[cm]

Chlorophyll content 
index

Plant height 
[cm]

Leaf breadth 
[cm]

Total leaf number/plant 1 0.924 -0.587  0.302 -0.562 -0.426
Total tiller number/plant 1 -0.663  0.353 -0.657 -0.456
Leaf length [cm]  1 -0.434  0.931  0.398
Chlorophyll content index  1 -0.418 -0.141
Plant height [cm]  1  0.406
Leaf breadth [cm]  1

Table 2. Coefficient of determination (R2) [%] of variables. Values in bold are the three largest contributors, and values in bold italics 
are the three smallest contributors.

Variables Total leaf number/
plant

Total tiller number/
plant

Leaf length 
[cm]

Chlorophyll content 
index

Plant height 
[cm]

Leaf breadth 
[cm]

Total leaf number/plant 100   85.42908   34.43422     9.10581   31.53113   18.16455
Total tiller number/plant 100   44.01451   12.49535   43.14559   20.78462
Leaf length [cm] 100   18.83695   86.62441   15.80169
Chlorophyll content index 100   17.44343     1.99117
Plant height [cm] 100   16.44786
Leaf breadth [cm] 100

Table 3. Eigenvalue of different principal components (PCs) with variability [%].

  PC1 PC2 PC3 PC4 PC5 PC6

Eigenvalue   3.669   0.911   0.667   0.617   0.077     0.060
Variability [%] 61.150 15.177 11.110 10.279   1.284     1.000
Cumulative [%] 61.150 76.327 87.437 97.716 99.000 100.000
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Fig. 2. Screen plot analysis of principal components with their cumulative variability [%] and eigenvalue. F1 - principal component 1, 
F2 - principal component 2, F3 - principal component 3, F4 - principal component 4, F5 - principal component 5, F6 - principal 
component 6.

Table 4. Contribution of the variables [%] towards different principal components.

Variables PC1 PC2 PC3 PC4 PC5

Leaf number/plant 19.260   7.488 27.847   1.580 20.386
Tiller number 21.836   4.310 17.734   0.528 27.925
Leaf length 21.321   3.984   5.143 18.012 30.255
Chlorophyll content index   7.516 52.439   0.065 39.932   0.001
Plant height 20.907   3.621   6.855 19.656 21.398
Leaf breadth   9.159 28.158 42.356 20.293   0.034

Fig. 3. Biplot representing the degree and direction of association between the different morphological traits in putative diploids and 
haploids. F1 - principal component 1, F2 - principal component 2, values in parentheses are the cumulative variability of the respective 
principal component.
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cycle due to immediate fixation of homozygosity, high 
selection efficiency, increased genetic variability due 
to the production of gametoclonal variants, and earlier 
expression of recessive genes suitable for breeding 
(Devaux and Pickering 2005). The production of  
a population of mixed ploidy levels is a major drawback 
in androgenesis. Further, the identification of haploids 
using flow cytometry is laborious and requires sufficient 
expertise in handling samples. Besides, molecular marker 
analysis cannot differentiate haploids and diploids which 
require normalization of DNA concentrations and accurate 
quantification. Though ploidy status of the green plants 
was determined based on morphological evaluation such 
as plant height, glume length, pollen grain size, pollen 
fertility, and spikelet fertility, and confirmed through flow 
cytometry analysis (Zapata-Arias 2003, Mishra et al. 
2015, Naik et al. 2017) no comprehensive report on 
discrimination of haploids and DHs are available. 

The qPCR genotyping system uses PCR amplification 
to quantify the amplicons and can be used for the copy 
number analysis. The Cq value in the PCR cycle indicates 
the number at which the sampleꞌs reaction curve intersects 

the threshold line. This value tells how many cycles are 
necessary to detect a real signal from the sample. Cq 
values are inverse to the amount of target nucleic acid 
that is in the sample and correlate to the number of target 
copies in the sample (Bustin et al. 2009, Schrader et al. 
2012). Therefore, the Cq value is inversely proportional 
to the ploidy level. Also, this phenomenon has already 
been reported in crops like cotton (Yoo et al. 2013), wheat 
(Powell et al. 2017), Brassica napus (Wu et al. 2018), and 
very recently in loquat (Wang et al. 2021).

Besides, confirmation of haploids through principal 
component analysis using different morphological traits 
could significantly save resources and manpower in 
the characterization of regenerants developed through 
androgenesis. The correlation study gives us an idea of 
the degree and direction of association of two or more 
variables, whereas Pearsonꞌs correlation is used to measure 
the strength and direction of this linear association 
(Schober et al. 2018). The positive correlation between 
leaf number and tiller number further substantiates that 
both these traits could be taken as phenotypic markers for 
haploid identification. Similarly, Babar et al. (2008) also 

Fig. 4. A series of box plots illustrating the morphological variations observed between the putative DH/diploid and haploid groups. 
The horizontal line within each box indicates the median value for the respective trait being measured. A - depicts the difference in 
plant height [cm]. B - show the leaf length [cm]. C - depicts leaf breadth [cm]. D - represents the leaf number per plant. E - illustrates  
the chlorophyll content index. F - the tiller number per plant among the putative DH/diploids and haploids. ** indicate significant 
difference at P < 0.01 between the putative DH/diploids and haploids.
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observed a strong correlation between plant height and 
flag leaf length in the doubled haploid lines in rice. 

The coefficient of determination (R2) points out the 
amount of variance shared between the two variables. 
Therefore, to distinguish the haploids from the diploids, 
one should consider the combination of characters namely 

plant height, leaf length, total tiller number per plant, and 
total leaf number per plant as discriminating morphological 
characters. In agreement with our findings, Ilyushko 
and Romashova (2019) reported that haploids could be 
differentiated from double haploids using three to four 
traits in japonica rice lines. Thus, haploids regenerated 

Fig. 5. Circular dendrogram clustering of 159 putative DH/haploids and two parents based on morphological traits. The parents are 
represented by 170 and 171 as Mahulata and IR20, respectively. Putative DH/diploid plants are numbered in Persian green colour and 
the magenta colour represents the haploids. C-I and C-II represent the cluster-I and cluster-II, respectively.

Fig. 6. Morphological difference between diploid and haploid rice plants. A - plant height difference among diploid and haploid rice 
plants. B - difference in panicle exertion from flag leaf sheath in diploid and haploid rice panicle.
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using indica rice as explants could also be differentiated 
using leaf length, tiller number, and plant height traits. 

The traits like tiller number per plant, leaf number 
per plant, and plant height can be used as morphological 
characteristics to identify the haploids at the seedling stage. 
In PCA, the length of the line and its closeness to the circle 
indicates a good representation of the variable in the plot. 
Though chlorophyll content index and leaf breadth were 
poorly represented by the PC1, these two traits cannot be 
considered for haploid differentiation.

To differentiate the haploids from the putative doubled 
haploids/diploids, we found that they had smaller leaves, 
partial panicle exertion from flag leaf sheath (Fig. 5), 
smaller floret, stamen, and carpels positioned towards the 
tip of the floret, and very dry stigmatic surface as compared 
to the diploids (Fig. 6). In addition to the above-discussed 
traits, all the haploids under study possessed smaller 
and desiccated anthers and they had very few desiccated 
microspores per unit area (Figs. 7, 8) when compared 
to diploids. Thus, improper pollen development and dry 
stigmatic surface may be the reason for which the pollen 

was not able to germinate after pollination and produce 
fertile spikelets in haploids derived from anther culture.

Conclusions

Androgenesis results in the development of plants 
with different ploidy levels. Hence discriminating the 
androgenesis-derived plants is one of the major factors in 
its utilization. The traditional morphological characteristics 
such as plant height may not always be truthful to the 
ploidy as environments influence most of them. However, 
the combination of plant height, tiller number, number of 
leaves, partial panicle exertion from the flag leaf sheath, 
anther position, and size along with the floret size was 
found ploidy dependent. Also, the ploidy level of the 
experimental material was tested by the qPCR. Thus, 
this study highlighted the uniqueness of the combination 
of traits for the identification of haploids in androgenesis 
in rice. Further, haploid plants identified could be either 
used for colchicine treatment for doubling chromosomes 

Fig. 7. Morphological discrimination among the floret of diploid and haploid rice plant (A), difference in carpel morphology in between 
diploid and haploid rice flower (B).

Fig. 8. Variability in anther and microspore among diploid and haploid rice genotypes. A - difference in anther dimensions between  
the pair, B - variability in microspore structure and density per unit area in between diploid and haploid rice genotypes.
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or discarded from further analysis due to the sterile nature 
of haploids. 

References

Babar M., Khan A.A., Arif A. et al.: Path analysis of some leaf 
and panicle traits affecting grain yield in doubled haploid lines 
of rice (Oryza sativa L.). - J. Agric. Res. 45: 245-252, 2008.

Bernier J., Serraj R., Kumar A. et al.: The large-effect drought-
resistance QTL qtl12.1 increases water uptake in upland 
rice. - Field Crop. Res. 110: 139-146, 2009.

Bustin S.A., Benes V., Garson J.A. et al.: The MIQE guidelines: 
Minimum information for publication of quantitative real-
time PCR experiments. - Clin. Chem. 55: 611-622, 2009.

Chen C.C., Wu Y.H.: Segmentations in microspores of rice 
during anther culture. - Proc. Natl. Sci. Counc.  China B 7: 
151-157, 1983.

Devaux P., Pickering R.: Haploids in the improvement of 
Poaceae. – In: Don Palmer C.E., Keller W.A., Kasha K.J. 
(ed.): Haploids in Crop Improvement II. Biotechnology in 
Agriculture and Forestry. Vol. 56. Pp. 215-242. Springer, 
Berlin-Heidelberg 2005.

Doyle J.J., Doyle J.L.: A rapid DNA isolation procedure for small 
quantities of fresh leaf tissue. - Phytochem. Bull. 19: 11-15, 
1987.

Elitzur T., Vrebalov J., Giovannoni J.J. et al.: The regulation of 
MADS-box gene expression during ripening of banana and 
their regulatory interaction with ethylene. - J. Exp. Bot. 61: 
1523-1535, 2010.

Hu H., Zeng J.Z.: Development of new varieties via anther 
culture. - In: Evans D.A., Sharp W.R., Ammirato P.V., 
Yamada Y. (ed.): Handbook of Plant Cell Culture. Pp. 65-91. 
Macmillan Publishing, New York 1983. 

Ilyushko M.V., Romashova M.V.: Variability of rice haploids 
obtained from in vitro anther culture. - Russ. Agric. Sci. 45: 
243-246, 2019.

Khush G.S.: Origin, dispersal, cultivation and variation of rice. - 
In: Sasaki T., Moore G. (ed.): Oryza: From Molecule to Plant. 
Pp. 25-34. Springer, Dordrecht 1997. 

Leardi R.: Chemometrics: From classical to genetic algorithms. - 
Grasas Aceites 53: 115-127, 2002.

Mbéguié-A-Mbéguié D., Hubert O., Sabau X. et al.: Use of 
suppression subtractive hybridization approach to identify 
genes differentially expressed during early banana fruit 
development undergoing changes in ethylene responsiveness. - 
Plant Sci. 172: 1025-1036, 2007. 

Mercy S.T., Zapata F.J.: Chromosomal behavior of anther culture 
derived plants of rice. - Plant Cell Rep. 5: 215-218, 1986.

Mishra R., Rao G.J.N., Rao R.N., Kaushal P.: Development 
and characterization of elite doubled haploid lines from two 
indica rice hybrids. - Rice Sci. 22: 290-299, 2015.

Naik N., Rout P., Umakanta N. et al.: Development of doubled 

haploids from an elite indica rice hybrid (BS6444G) using 
anther culture. - Plant Cell Tiss. Org. Cult. 128: 679-689, 
2017.

Powell J.J., Fitzgerald T.L., Stiller J. et al.: The defence‐
associated transcriptome of hexaploid wheat displays 
homoeolog expression and induction bias. - Plant Biotechnol. 
J. 15: 533-543, 2017.

Rout J.R., Sarma N.P.: Comparative morphological studies 
of microspore derived and F2 plants obtained from an 
interspecific rice hybrid Oryza sativa Linn. × O. rufipogon 
Griff. - Plant Breeding 105: 283-291, 1990.

Schober P., Boer C., Schwarte L.A.: Correlation coefficients: 
appropriate use and interpretation. - Anesth. Analg.  126: 
1763-1768, 2018.

Schrader C., Schielke A., Ellerbroek L., Johne R.: PCR inhibitors – 
occurrence, properties and removal. - J. Appl. Microbiol. 113: 
1014-1026, 2012.

Semagn K., Bjørnstad Å., Ndjiondjop M.N.: Principles, 
requirements and prospects of genetic mapping in plants. - 
Afr. J. Biotechnol. 5: 2569-2587, 2006.

Shekhawat U.K.S., Ganapathi T.R., Srinivas L.: Cloning 
and characterization of a novel stress-responsive WRKY 
transcription factor gene (MusaWRKY71) from Musa spp. cv. 
Karibale Monthan (ABB group) using transformed banana 
cells. - Mol. Biol. Rep. 38: 4023-4035, 2011. 

Siebert K.J.: Chemometrics in brewing – A review. - J. Am. Soc. 
Brew. Chem. 59: 147-156, 2001.

Thomas-Hall S., Campbell P.R., Carlens K. et al.: Phylogenetic 
and molecular analysis of the ribulose-1,5-bisphosphate 
carboxylase small subunit gene family in banana. - J. Exp. 
Bot. 58: 2685-2697, 2007.

van den Berg N., Berger D.K., Hein I. et al.: Tolerance in banana 
to Fusarium wilt is associated with early up‐regulation of cell 
wall‐strengthening genes in the roots. - Mol. Plant Pathol. 8: 
333-341, 2007.

Wang H., Dang J., Wu D. et al.: Genotyping of polyploid 
plants using quantitative PCR: application in the breeding of 
white-fleshed triploid loquats (Eriobotrya japonica). - Plant 
Methods 17: 93, 2021.

Wang Y., Wu J., Xu B.-Y. et al.: Cloning of an ADP-ribosylation 
factor gene from banana (Musa acuminata) and its expression 
patterns in postharvest ripening fruit. - J. Plant Physiol. 167: 
989-995, 2010. 

Wu J., Lin L., Xu M. et al.: Homoeolog expression bias and 
expression level dominance in resynthesized allopolyploid 
Brassica napus. - BMC Genomics 19: 586, 2018.

Yoo M.-J., Szadkowski E., Wendel J.F.: Homoeolog expression 
bias and expression level dominance in allopolyploid cotton. - 
Heredity 110: 171-180, 2013.

Zapata-Arias F.J.: Laboratory protocol for anther culture 
technique in rice. - In: Maluszynski M., Kasha K.J., Forster 
B.P., Szarejko I. (ed.): Doubled Haploid Production in Crop 
Plants. Pp. 109-116. Springer, Dordrecht 2003.

© The authors. This is an open access article distributed under the terms of the Creative Commons BY-NC-ND Licence.

https://apply.jar.punjab.gov.pk/upload/1375096337_105_Microsoft_Word_-_245_-_253.pdf
https://apply.jar.punjab.gov.pk/upload/1375096337_105_Microsoft_Word_-_245_-_253.pdf
https://apply.jar.punjab.gov.pk/upload/1375096337_105_Microsoft_Word_-_245_-_253.pdf
https://doi.org/10.1016/j.fcr.2008.07.010
https://doi.org/10.1016/j.fcr.2008.07.010
https://doi.org/10.1016/j.fcr.2008.07.010
http://dx.doi.org/10.1373/clinchem.2008.112797
http://dx.doi.org/10.1373/clinchem.2008.112797
http://dx.doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1007/3-540-26889-8_11
https://doi.org/10.1007/3-540-26889-8_11
https://doi.org/10.1007/3-540-26889-8_11
https://doi.org/10.1007/3-540-26889-8_11
https://doi.org/10.1007/3-540-26889-8_11
https://worldveg.tind.io/record/33886/
https://worldveg.tind.io/record/33886/
https://worldveg.tind.io/record/33886/
http://dx.doi.org/10.1093/jxb/erq017
http://dx.doi.org/10.1093/jxb/erq017
http://dx.doi.org/10.1093/jxb/erq017
http://dx.doi.org/10.1093/jxb/erq017
http://dx.doi.org/10.3103/S1068367419030108
http://dx.doi.org/10.3103/S1068367419030108
http://dx.doi.org/10.3103/S1068367419030108
https://doi.org/10.1007/978-94-011-5794-0_3
https://doi.org/10.1007/978-94-011-5794-0_3
https://doi.org/10.1007/978-94-011-5794-0_3
https://grasasyaceites.revistas.csic.es/index.php/grasasyaceites/article/view/294/296
https://grasasyaceites.revistas.csic.es/index.php/grasasyaceites/article/view/294/296
http://dx.doi.org/10.1016/j.plantsci.2007.02.007
http://dx.doi.org/10.1016/j.plantsci.2007.02.007
http://dx.doi.org/10.1016/j.plantsci.2007.02.007
http://dx.doi.org/10.1016/j.plantsci.2007.02.007
http://dx.doi.org/10.1016/j.plantsci.2007.02.007
http://dx.doi.org/10.1016/j.rsci.2015.07.002
http://dx.doi.org/10.1016/j.rsci.2015.07.002
http://dx.doi.org/10.1016/j.rsci.2015.07.002
http://dx.doi.org/10.1007/s11240-016-1149-4
http://dx.doi.org/10.1007/s11240-016-1149-4
http://dx.doi.org/10.1007/s11240-016-1149-4
http://dx.doi.org/10.1007/s11240-016-1149-4
http://dx.doi.org/10.1111/pbi.12651
http://dx.doi.org/10.1111/pbi.12651
http://dx.doi.org/10.1111/pbi.12651
http://dx.doi.org/10.1111/pbi.12651
http://dx.doi.org/10.1111/j.1439-0523.1990.tb01287.x
http://dx.doi.org/10.1111/j.1439-0523.1990.tb01287.x
http://dx.doi.org/10.1111/j.1439-0523.1990.tb01287.x
http://dx.doi.org/10.1111/j.1439-0523.1990.tb01287.x
http://dx.doi.org/10.1213/ANE.0000000000002864
http://dx.doi.org/10.1213/ANE.0000000000002864
http://dx.doi.org/10.1213/ANE.0000000000002864
http://dx.doi.org/10.1111/j.1365-2672.2012.05384.x
http://dx.doi.org/10.1111/j.1365-2672.2012.05384.x
http://dx.doi.org/10.1111/j.1365-2672.2012.05384.x
https://www.researchgate.net/publication/228909274_Principles_requirements_and_prospects_of_genetic_mapping_in_plants
https://www.researchgate.net/publication/228909274_Principles_requirements_and_prospects_of_genetic_mapping_in_plants
https://www.researchgate.net/publication/228909274_Principles_requirements_and_prospects_of_genetic_mapping_in_plants
http://dx.doi.org/10.1007/s11033-010-0521-4
http://dx.doi.org/10.1007/s11033-010-0521-4
http://dx.doi.org/10.1007/s11033-010-0521-4
http://dx.doi.org/10.1007/s11033-010-0521-4
http://dx.doi.org/10.1007/s11033-010-0521-4
http://dx.doi.org/10.1094/ASBCJ-59-0147
http://dx.doi.org/10.1094/ASBCJ-59-0147
http://dx.doi.org/10.1093/jxb/erm129
http://dx.doi.org/10.1093/jxb/erm129
http://dx.doi.org/10.1093/jxb/erm129
http://dx.doi.org/10.1093/jxb/erm129
http://dx.doi.org/10.1111/j.1364-3703.2007.00389.x
http://dx.doi.org/10.1111/j.1364-3703.2007.00389.x
http://dx.doi.org/10.1111/j.1364-3703.2007.00389.x
http://dx.doi.org/10.1111/j.1364-3703.2007.00389.x
http://dx.doi.org/10.1186/s13007-021-00792-9
http://dx.doi.org/10.1186/s13007-021-00792-9
http://dx.doi.org/10.1186/s13007-021-00792-9
http://dx.doi.org/10.1186/s13007-021-00792-9
http://dx.doi.org/10.1016/j.jplph.2009.11.019
http://dx.doi.org/10.1016/j.jplph.2009.11.019
http://dx.doi.org/10.1016/j.jplph.2009.11.019
http://dx.doi.org/10.1016/j.jplph.2009.11.019
https://doi.org/10.1186/s12864-018-4966-5
https://doi.org/10.1186/s12864-018-4966-5
https://doi.org/10.1186/s12864-018-4966-5
http://dx.doi.org/10.1038/hdy.2012.94
http://dx.doi.org/10.1038/hdy.2012.94
http://dx.doi.org/10.1038/hdy.2012.94
https://doi.org/10.1007/978-94-017-1293-4_17
https://doi.org/10.1007/978-94-017-1293-4_17
https://doi.org/10.1007/978-94-017-1293-4_17
https://doi.org/10.1007/978-94-017-1293-4_17

