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Abstract

Optimizing wheat height to maximize yield has been an important aspect which is evident

from a successful example of green revolution. Dwarfing genes (Rht) are known for yield

gains due to lodging resistance and partitioning of assimilates into ear. The available and

commercially exploited sources of dwarfism in Indian spring wheat are Rht1 and Rht2 genes

inspite of availability of over 20 dwarfing genes. Rht8 a Gibberellic acid sensitive dwarfing

gene is another reduced height gene commercially exploited in some Mediterranean coun-

tries. Two F2 populations segregating for Rht1 and Rht8 genes with each comprising 398

and 379 plants were developed by crossing European winter wheat cultivars Beauchamp

and Capitole with Indian spring wheat cultivar PBW 621. Different genotypic combinations

for Rht1 and Rht8 genes were selected from these populations through linked molecular

markers and selected F3:4 lines were evaluated for various agronomic traits in a replicated

trial. Reduction in plant height with Rht8 and Rht1 averaged 2.86% and 13.3% respectively

as compared to the group of lines lacking dwarfing gene. Reduction was spread along all

the internodes of wheat culm and reduction was lower as progress towards the lower inter-

node. Grain number per spike and highest yield was observed in lines carrying only Rht1

gene. Reduction in plant biomass was observed with either of the dwarfing gene. Longest

coleoptile length and seedling shoot length averaged 4.4 ± 0.09 cm and 19.5 ± 0.48, respec-

tively was observed in lines lacking any of the dwarfing gene. Negligible reduction of 6.75%

and 2.84% in coleoptile length and seedling shoot length, respectively was observed in lines

carrying only Rht8 gene whereas F3:4 lines with Rht1 gene showed 21.64% and 23.35%

reduction in coleoptile length and seedling shoot length, respectively. Additive effect of

genes was observed as double dwarfs showed 43.31% and 43.34% reduction in coleoptile

length and seedling shoot length.

Introduction

To meet the escalating demand of fast growing human population, there is need of continu-

ous increase in wheat grain production. Optimizing plant stature to enhance productivity

under ever changing and unpredictable climate is one of the major strategy of plant breed-

ers. Reduced height in wheat is often associated with increase in yield, probably, owing to
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reduced lodging and enhanced partitioning of assimilates to the grain [1]. The control of

plant height in wheat is known to be complex because of its polygenic nature and environ-

mental effects. Genes with this ability have been difficult to detect, resulting in the vast

majority of the world’s semi-dwarf wheat crop cultivars having their height reduction deter-

mined primarily by one of two major genes derived from the old Japanese cultivar ‘Norin

10’ [2]. Worldwide, during the past century, the average height of bread wheat (Triticum
aestivum 2n = 6x = 42) has been dramatically reduced. For example, the average heights of

wheat varieties have dropped from 150 cm to 90 cm in UK [3] and from 107 cm to the cur-

rent height of around 90 cm in China [4]. In India, the Indo-Gangetic fertile crescent is the

main wheat producing region and is classified as North Western Plain Zone (NWPZ) of

India. Plant height in NWPZ has been steadily reduced from over 130 cm (tall traditional

cultivars of pre-dwarfing era) to 84 cm (present day cultivars). The saga of green revolution

in India is very well known and semi-dwarf varieties played a role of fuel for green revolu-

tion. Rht1 and Rht2 dwarfing genes were transferred from Japan to USA, USA to CIMMYT,

Mexico and from Mexico to all over the wheat cultivated area through Japanese variety

Norin-10. Rht8 is mainly commercialized in Europe and transferred through Japanese vari-

ety Akakomugi from Japan to Italy and then from Italy to other parts of Europe [5]. These

reduced height genes are effective in reducing plant height and have been widely adopted in

wheat breeding programs since their introduction in the 1950s [6]. Their use has been asso-

ciated with increased wheat yields particularly where conditions for growth are favorable

[7]. Rht1-B1b and Rht1-D1b dwarfing alleles of Rht1 and Rht2 not only reduce the plant stat-

ure, but also reduce the coleoptile length which is the deciding factor for early emergence

under water deficit or stress conditions and hence, effect the crop stand. It has also been

well documented that dwarfing genes Rht-B1b and Rht-D1b are associated with Type I sus-

ceptibility to Fusarium head blight in wheat and low anther extrusion [8]. Numerous studies

on Rht genes have concluded that Rht8 gene reduces the plant height but it has negligible

effect on coleoptile length [9, 10, 11]. The study on effect of combination of GA responsive

Rht8 gene and GA insensitive Rht1 and Rht2 genes have been conducted in Australian culti-

vars [11] and in some winter wheat cultivars. But the potential of combining these genes in

Indian spring wheat background have not been previously assessed. Considering this, the

aim of the study was to assess the potential of Rht8 gene in combination with Rht1 gene in

elite spring wheat background under Indian environmental conditions.

Materials and methods

Population development

Two crosses (Beauchamp x PBW 621 and Capitole x PBW 621) were generated between culti-

vars Beauchamp and Capitole (having gene Rht8c) and genotype PBW 621 (having gene Rht1)
in main season 2012–13. Beauchamp and Capitole are winter wheat varieties released in

France in 1978 and 1964, respectively. These lines were selected from a diverse European win-

ter wheat germplasm set of 376 cultivars that had been procured by Punjab Agricultural Uni-

versity, Ludhiana, Punjab, India from National Institute of Agricultural Botany, Cambridge,

UK in 2010. PBW 621 is a spring wheat cultivar released in Indian in 2011 and widely grown

in NWPZ of India. The F1 plants of these crosses were self-pollinated to generate F2 popula-

tion. In wheat growing season 2014–15, 398 F2 plants from cross Beauchamp x PBW 621 and

379 F2 plants from Capitole x PBW 621 were space planted and plant height data was recorded.

Further without any selection all of the F2 plants were allowed to self-pollinate to generate

F3 progenies. The presence and absence of dwarfing allele(s) of both the Rht1 and Rht8 loci

were determined by using linked molecular markers [12,13]. There is a substitution of one
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nucleotide in Rht1 locus which leads to evolution of Rht-B1b allele (dwarfing allele) [14],

hence, due to the difference of one nucleotide in the primer sequence, mis-annealing of prim-

ers was observed. Therefore, based on the plant height data and molecular data 16 and 17 F3

progenies of Beauchamp x PBW 621 and Capitole x PBW 621 cross, respectively were identi-

fied as being double dwarfs (Rht1 + Rht8) or single dwarf (either Rht1 or Rht8) or tall (no

dwarfing allele). Two plants from each of these progenies were harvested separately and multi-

plied at Keylong, Himachal Pradesh (off-season research station of Punjab Agricultural Uni-

versity) and 45 of these F3:4 lines with similar growth period were selected for agronomic

evaluation in main season 2016–17 at experimental area, Punjab Agricultural University,

Ludhiana.

Genotyping for Rht1 and Rht8
Young leaves of parental lines and F3 progenies which seemed phenotypically homozygous

were collected and genomic DNA was extracted using the standard CTAB (Cetyl trimethyl

ammonium bromide) procedure [15]. The SSR marker WMS 261 for Rht8 and gene specific

dominant markers BF, WR1 and MR1 for Rht1 were used. The in-vitro amplification (PCR)

and PCR product were resolved as per the protocol described [12,13]. During the period of

this study KASP assay was reported for Rht1 gene [16]. KASP is a high throughput SNP based

fluorescent genotyping technology. So, genotype of selected 45 F3:4 lines were also confirmed

with KASP markers and genotypic composition of these groups are: both the dwarfing genes

absent (r1r1r8r8), Rht1 absent and Rht8 present in homozygous form (r1r1R8R8), Rht1 in hetero-

zygous form and Rht8 absent (R1r1r8r8), Rht1 in heterozygous and Rht8 present in homozygous

condition (R1r1R8R8), Rht1 in homozygous form and Rht8 absent (R1R1r8r8) and both Rht1 and

Rht8 in homozygous form (R1R1R8R8).

Coleoptile length and seedling shoot length assessment

For seedling traits, 12 seeds of each of the F3:4 line with no physical damage and of uniform

size were placed in the middle of moist germination paper. The seeds were first sterilized with

the fungicide to avoid any infection and placed in wet paper with germ end down and then

paper was rolled as a ‘cigar’. The cigars were then placed vertically into a container with 5–7cm

of water at the bottom and then the container was placed in an incubator at 20˚C for 10 days

under dark conditions. After 10 days, cigars were unrolled and average coleoptile length of

seedlings was recorded from the base of the seed to the coleoptile tip. Total shoot length of

seedlings was also measured.

Agronomic evaluation

In 2014–15, F2 individuals were space planted and plant height was recorded. During main

season 2015–16, F3 progenies were planted as plant to progeny row. Selected F3 plants were

harvested individually and planted at offseason 2016 for multiplication to conduct a replicated

trial in coming main season. The experiment for certain agronomic traits was conducted for

selected F3:4 lines in main growing season 2016–17. These lines along with parents were

planted as 7 x 7 square lattice design with three replications. Three plants from internal rows

of each plot were randomly selected for observations to eliminate the border effect. Final plant

height and individual internodal length was measured in centimeter at plant maturity. Ear

length was also recorded. The internode below the spike was designated as peduncle length

and successive to peduncle length was defined as first internode, second internode and so on.

Days to flowering, total tillers per meter row, spikelet per spike, grain per spike, grain yield per

plot, 1000-grain weight, plant biomass and harvest index were also recorded.

Rht8 gene in Indian wheat background
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Data analysis

Adjusted mean of each of the F3:4 line was calculated with the Analysis of variance of square

lattice design using SAS ver. 9.3. The relative effect of different gene combinations was com-

pared as a percent change with respect to tall group.

% change with dwarfing geneðsÞ ¼
Meandwarf � Meantall

Meantall
x 100

Results

Molecular marker assay for Rht1 and Rht8
PCR assay of parental genotypes for Rht1, Rht2 and Rht8 confirmed that PBW 621 carries

dwarfing allele of Rht1 and both winter wheat parents Beauchamp and Capitole carry dwarfing

allele of Rht8 gene. Genotyping with WMS 261 marker showed a 192 bp band in Beauchamp

and Capitole and approximately 165 bp band in PBW 621. Considering Norin-10, the source

of dwarfism in Indian cultivar which carries both Rht1 and Rht2 gene [17], parents were

screened for both Rht1 and Rht2. Genotypes C-306 and C-518, the tall traditional varieties,

widely grown before green revolution were used as a control. None of the parental genotype

showed the presence of dwarfing allele of Rht2 gene with DF-WR2 primer combination. With

BF-MR1 primer combination for Rht-B1a allele (tall allele), all of the lines showed amplifica-

tion but C-varieties and European winter wheat lines showed very high intensity PCR product

whereas PBW 621 gave very faint band. For Rht-B1b allele (dwarf allele) BF-MR1 primer com-

bination was used and faint band was obtained for European winter wheat lines and C-varie-

ties, whereas comparatively intense amplified product was obtained for PBW 621. From these

results, it has been concluded that Rht1 gene is responsible for semi-dwarfing nature of spring

wheat line used (PBW 621).

F3 progenies which seemed homozygous for plant height at early stages were chosen for

molecular marker analysis for Rht1 and Rht8 genes. Leaves from all the plants of a progeny

were bulked for DNA extraction so that a particular sample represent F2 genotype. For Beau-

champ x PBW 621 cross, 85 F3 progenies were selected for molecular marker analysis. Out of

85, 19 progenies were observed to be positive for Rht8 gene, 49 were heterozygous and 16

progenies were negative for Rht8 gene with WMS 261 marker. Similarly, for cross Capitole x

PBW 621, 75 progenies were selected for molecular marker analysis based on the phenotype of

the F3 progeny. Among these 75 progenies, 15 were come to be positive, 41 were heterozygous

and 15 were observed to be negative for Rht8 gene as revealed by marker WMS 261.

Based on the molecular marker data and phenotype data, 45 F3:4 lines with similar growth

period were selected for agronomic and seedling evaluation. Because of the uncertainty about

Rht1 gene in the segregants, these 45 lines were genotyped with the KASP markers reported

[16]. KASP based genotyping for Rht1 revealed that out of 45, 12 segregants were heterozygous

for Rht1. So, based on the genotyping of selected F3:4 lines instead of four homozygous groups,

these lines were categorized into six different genotypic classes i.e. both the dwarfing genes

absent (r1r1r8r8), Rht1 absent and Rht8 present in homozygous form (r1r1R8R8), Rht1 in hetero-

zygous form and Rht8 absent (R1r1r8r8), Rht1 in heterozygous and Rht8 present in homozygous

condition (R1r1R8R8), Rht1 in homozygous form and Rht8 absent (R1R1r8r8) and both Rht1 and

Rht8 in homozygous form (R1R1R8R8).

Effect on coleoptile length and seedling shoot length

Coleoptile length (CL) of European wheat was marginally higher as compared to spring wheat

cultivar PBW 621 whereas significant difference for seedling shoot length (SL) was observed

Rht8 gene in Indian wheat background
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between the European winter wheat lines and PBW 621. 3.6 cm and 3.5 cm of CL was recorded

for Beauchamp and Capitole, respectively whereas PBW 621 was having 2.9 cm of CL. Total

seedling shoot length for PBW 621 was 14.9 cm whereas for Beauchamp and Capitole it was

21.1 cm and 22.6 cm, respectively (Figs 1 and 2).

Among different gene combinations of F3:4 lines, group r1r1r8r8, with no dwarfing genes

were observed to have the longest CL and SL with mean value of 4.4 ± 0.09 cm and 19.5 ± 0.48

cm for CL and SL respectively. An average CL and SL of the plants which carry only Rht8
dwarfing gene was 4.1 cm and 18.9 cm, respectively. Mean CL of both R1r1r8r8 and R1r1R8R8

category was 3.5 cm and for R1R1r8r8 it was 3.4 cm whereas mean SL for these three categories

was 16 cm, 16.4 cm and 14.9 cm, respectively (Table 1). Rht1 gene when present alone reduced

Fig 1. CL and SL of some cultivars.

https://doi.org/10.1371/journal.pone.0199330.g001

Fig 2. Graphical representation of CL and SL of some cultivars.

https://doi.org/10.1371/journal.pone.0199330.g002
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the CL and SL by 21.64% and 23.35% and Rht8 alone reduced these traits by 6.75% and 2.84%

but when both of these genes were present in homozygous condition, reduction in CL and SL

was observed to by 43.31% and 43.34%. Percent decrease in CL and SL of different classes as

compare to tall group is shown in Fig 3.

Effect on plant height

Although parental lines are having different dwarfing genes and habit type (winter and spring)

yet no significant variation between plant height of these lines were observed. Parental geno-

types i.e. Beauchamp, Capitole and PBW 621 used in the study showed comparable plant

height averaging 92 cm, 103 cm and 100 cm respectively. Whereas two populations developed

from these parents were highly segregating for plant height. Wild type genotypic class (having

no dwarfing gene) was taller among all with average plant height of 119.7 cm while both the

dwarfing genes caused reduction in plant height with varying extent. Mean plant height of the

lines with Rht8 gene was 3 cm shorter (2.86%) than the tall category. Rht1 caused approxi-

mately 13.3% reduction in plant height when present in homozygous form which indicated

that extent of height reduction was stronger with Rht1 as compare to Rht8. However, average

plant height of lines with Rht1 in heterozygous form was 8.7 cm taller than the lines which

carry Rht1 in homozygous form, suggesting the partial dominance nature of Rht1 gene

(Table 2).

Individual internodal length was measured to know whether reduction was spread along all

the internodes of wheat culm or due to a particular internode. No difference was observed in

number of internodes among different genic groups. The reduction effect on wheat culm was

Table 1. Effect of Rht1 and Rht8 on seedling traits (CL and SL).

Classes Genotypic Classes Coleoptile length Seedling shoot length

CL (cm) Range (cm) % decrease in CL SL (cm) Range (cm) % decrease in SL

No dwarfing gene detected r1r1r8r8 4.4 ± 0.09 3.5–4.8 0 19.5 ± 0.48 15.6–21.9 0

Rht8 present r1r1R8R8 4.1 ± 0.10 3.6–4.6 -6.75 18.9 ± 0.42 17–20.9 -2.84

Rht1 in heterozygous form R1r1r8r8 3.5 ± 0.17 3.1–4.2 -19.51 16.0 ± 0.52 14.1–18.3 -17.77

Rht1 in heterozygous form + Rht8 R1r1R8R8 3.5 ± 0.08 3.2–3.8 -19.33 16.4 ± 0.53 14–17.6 -16.03

Rht1 in homozygous form R1R1r8r8 3.4 ± 0.07 3.2–3.8 -21.64 14.9 ± 0.20 14.4–16 -23.35

Rht1 + Rht8 R1R1R8R8 2.5 ± 0.10 2.2–2.8 -43.31 11.0 ± 0.55 9.3–12.1 -43.34

https://doi.org/10.1371/journal.pone.0199330.t001

Fig 3. Percent decrease in CL and SL in each genotypic category.

https://doi.org/10.1371/journal.pone.0199330.g003
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spread along all the internodes, however, significant difference in internodal length was

observed for peduncle length and first internode. As progress towards to the successive inter-

nodes lesser reduction was observed. Decrease in internodal length was larger in the lines

which carry Rht1 gene as compare to lines which carry Rht8 gene. Maximum reduction was

observed in double dwarf group carry both dwarfing genes. Difference in the internodal length

reduction was observed in the group carrying Rht1 in homozygous form and Rht1 in heterozy-

gous form. The schematic representation of internode elongation pattern for different geno-

typic classes is shown in Fig 4.

Effect on yield and associated traits

Reduction in spike length was observed in lines with either single or double dwarfing gene,

when the lines were classified into four homozygous groups. The effect on spikelet number per

spike varied for different group. There was no significant difference for grain number per

spike observed between the group with Rht8 gene alone and wild type group lacking dwarfing

gene. Grain number per spike was recorded maximum in the lines which carries Rht1 gene

either in heterozygous or homozygous form. No significant effect of different dwarfing genes

was observed on thousand grain weight. However, slightly lower 1000-grain weight was

recorded in the lines carry Rht8 gene as compare to tall lines. Group of lines which carry only

Rht1 had comparable 1000-grain weight as that of tall group.

Highest grain yield per plot was observed in R1R1r8r8 category which carried dwarf allele of

Rht1 gene and tall allele of Rht8 gene. It has been observed that Rht1 caused average yield

increase of 10.77% when present in heterozygous form and 18.17% when present in homozy-

gous form whereas Rht8 caused yield reduction of 18.27%. Decreased in plant biomass was

observed in lines that carried either of the dwarfing gene or both dwarfing genes. These

decrease in plant biomass and highest plot yield resulted in increased harvest index in the lines

carry only Rht1 gene (Table 2).

Discussion

Effect of dwarfing genes on plant height and other traits were reported as highly varied with

different genetic backgrounds and environmental conditions. 7–18% reduction in plant height

was reported with Rht8 gene in different studies [18, 19, 20, 21] and upto 30% of reduction in

plant height with GA-insensitive genes (Rht1 or Rht2) have been reported [10,18,19]. 10%

reduction in plant height with Rht8 gene [22] and 14% to 18% reduction in plant height due to

Rht8 [21]. However, in the present study relatively smaller effect (2.86%) of Rht8 as well as of

Rht1 (13.3%) on plant height was observed. Our results also showed partial dominance

Table 2. Effect of Rht1 and Rht8 on different agronomic traits.

Classes Genotypic

Classes

Plant Height

(cm)

Spikelet

number

Grain number/

spike

1000-grain weight

(g)

Yield (Kg/

plot)

Plant Biomass

(Kg/plot)

Harvest

index

No dwarfing gene

detected

r1r1r8r8 119.7 ± 1.75 21 52 36.9 1.3 4.782 0.278

Rht8 present r1r1R8R8 116.2 ± 4.31 22.2 52 34.8 1.1 4.419 0.242

Rht1 in heterozygous

form

R1r1r8r8 112.4 ± 4.29 21.3 52 38 1.5 4.720 0.311

Rht1 in heterozygous

form + Rht8
R1r1R8R8 107.6 ± 3.03 22.9 55 35 1.3 4.556 0.287

Rht1 in homozygous form R1R1r8r8 103.7 ± 3.86 21.4 57 37 1.6 4.555 0.349

Rht1 + Rht8 R1R1R8R8 90.7 ± 1.6 22.1 53 30 1.2 4.397 0.259

https://doi.org/10.1371/journal.pone.0199330.t002
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behavior of Rht1 gene as the group with Rht1 in heterozygous form was little taller as compare

to the group with Rht1 in homozygous. Additive effect of these genes was also observed, double

dwarf group were smallest among all with 24.2% reduction in plant height.

Coleoptile is the pointed protective sheath that encases the emerging shoot as it grows from

the seed to the soil surface and is one of the key trait for breeding wheat for drought tolerance.

Emergence ability of seedling is highly influenced by coleoptile length. For a seed to emerge

successfully, seed should not be planted deeper than its coleoptile length. Reduction in coleop-

tile length due to dwarfing genes as observed in present study, has also been reported in several

other studies. For example, 6.2% reduction in coleoptile length in the wheat cultivar containing

Rht8 gene and 25.4% reduction by Rht1 gene was reported previously [19] which are similar

the findings of present study. However, they have showed that presence of both Rht1 and Rht8
gene together shortened CL by 28.4% whereas in the present investigation 42.94% reduction in

CL has been observed. Less effect of Rht8 on coleoptile length and on early growth stages of

wheat has been reported in many studies [10, 9, 23].

Fig 4. Diagrammatic representation of internodal elongation pattern in different gene combinations.

https://doi.org/10.1371/journal.pone.0199330.g004
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The observation of highest yield of R1R1r8r8 category is consistent with the ‘tall dwarf’

model proposed [24]. They have proposed that grain yield can be maximized by combining

gibberellin-insensitive Rht alleles with other genes which increase both plant height and yield.

Report of yield advantage with gibberellin insensitive Rht dwarfing genes over tall controls are

also available [25]. Yield increase by Rht1 or Rht2 and decrease by Rht8 have also been reported

[26]. However, they showed 6.1% and 14.1% yield increase by Rht1 and Rht2, respectively and

21.0% and 5.3% yield reduction by Rht8 in two different genetic background.

The present study revealed pleiotropic effect of dwarfing genes along with effect on plant

height. Under favorable conditions, lines with Rht1 gene out yielded as compared to the lines

having Rht8 gene. However, for seedling traits lines with Rht8 were better performing than

lines with Rht1 gene. Coleoptile length is one of the important trait for deep sowing under

drought condition to capture moisture from deeper soil. For conservation agriculture, emer-

gence under deep sowing is needed and cultivars with longer coleoptile can emerge quickly

and can have better plant vigor. Hence, understanding of such pleiotropic interactions of

dwarfing genes with different genetic background will facilitate effective deployment of dwarf-

ing genes in modern varieties. The results of present study showed that lines which carry both

Rht1 and Rht8 gene together has showed very high reduction in CL and SL. Such cultivars will

not be suitable under water limiting conditions. Hence, considering the coleoptile length as an

indicator for better emergence under drought conditions, it is suggested that in order to breed

spring wheat cultivars for drought tolerance or water use efficiency, there is need to replace

the residents dwarfing genes of Indian spring wheat cultivars which mainly consists of either

Rht1 or Rht2. Wheat breeders in the NWPZ of India must adopt Rht8 as an environmentally

adaptable alternative semi-dwarfing gene. The Rht8 gene can also be successfully combined

with some Ppd and Vrn genes to offer height reduction and adaptability in the niche micro

environments of region so as the duration of the crop can be extended to translate into yield

enhancement.

Conclusions

Segregating population of Rht1 and Rht8 developed by European winter wheats and spring

wheat cultivars allowed us to gain the understanding of potential of alternate dwarfing gene in

Indian subcontinent. Lines with higher coleoptile length and seedling shoot length which is a

deciding factor for crop establishment were identified in the study. This gave the candidate

plant material to evaluate and select the material for conservation agriculture which is one of

the new emerging breeding objective in light of climate change.

Supporting information

S1 Table. Mean of various agronomic traits of individual lines of different dwarfing gene

combinations.
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