Genet Resour Crop Evol (2024) 71:2779-2795
https://doi.org/10.1007/s10722-023-01817-z

RESEARCH ARTICLE

q

Check for
updates

Trait phenotyping in an ancient Indian landrace of wheat
Triticum sphaerococcum under optimum, terminal heat
stress and deficit irrigation conditions

Kiran B. Gaikwad

- Ankit Dawar - Akash Singh - Prashanth Babu - Manjeet Kumar - Naresh Kumar -

Amit Kumar Mazumder - Rakesh Kumar - Anjan Kumar Pradhan - Rihan Ansari - Nasreen Saifi -

Rajbir Yadav

Received: 26 October 2023 / Accepted: 23 November 2023 / Published online: 30 November 2023
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract An ancient landrace of wheat Triticum
sphaerococcum Perc. has been characterized for agro-
nomic and physiological traits under timely sown-
irrigated (TS-IR), timely sown restricted irrigation
(TS-RI), and irrigated late sown conditions (IR-LS) in
the winter season of 2021-22. A total of 116 acces-
sions were collected from major gene banks across
the world and examined, along with 20 bread wheat
cultivars. The assessed genotypes revealed a consid-
erable degree of variance for the trait under study.
Average grain yields for the T. sphaerococcum acces-
sions were 33.29 g/ha in TS-IR, 28.95 g/ha in TS-RI,
and 26.15 g/ha in LS-IR. The extent of grain yield
decline is lesser than that of bread wheat. This indi-
cates that these species can withstand conditions of
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limited irrigation and extreme heat. 7. sphaerococ-
cum accessions had lower yield than bread wheat,
although accessions like TS 49, TS5, TS6, TS17,
TS27, and TS 61 have higher yield (>35 g/ha) under
stress conditions. Under the TS-RI trial, 25 accessions
of T. sphaerococcum achieved significantly greater
yields when compared to one of the well-known
drought-tolerant cultivars, C 306 (29.2 g/ha). Grain
yield under TS-RI and LS-IR trial exhibits substan-
tial negative association with canopy temperature at
physiological maturity (— 0.63*, and —0.74**%*), and
strong positive correlation with TGW (0.83*** and
0.82**%), GRPS (0.67***, and 0.92***). This dem-
onstrates that the greater grain yield can be attributed
to the T. sphaerococcum accessions’ ability to keep
their canopies cooler in the face of heat stress. Thus,
the introduction of ancient wheat in wheat cross
breeding programme will increase genetic diversity
and diversify current cultivars.

Keywords Indian dwarf wheat - Genetic diversity -
Terminal heat tolerance - Drought tolerance - Trait
phenotyping

Introduction
The cornerstone of global food security is wheat
(Triticum aestivum L.), which is the most widely cul-

tivated crop in the world. For millions of people who
rely on wheat-based diets, wheat offers over 40% of
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their daily requirements for critical micronutrients
like zinc, iron, manganese, magnesium, and vitamins
B and E. It also contributes 20% of human nutri-
tion’s total protein and calories (Velu et al. 2017). A
more effective strategy to increase agricultural out-
put and resilience to various stresses can be achieved
by determining the genetic variability of the crop.
Because of this, the genetic development of crops,
including wheat, depends on the availability of a wide
range of superior genotypes. However, it has com-
monly been argued that the shrinking of agricultural
genetic variability was caused by extensive cultiva-
tion of mega cultivars that have led to susceptibility to
biotic and abiotic stresses. As a result, it is crucial for
plant breeding programs to diversify the genetic back-
ground of their crop lines in order to maintain enough
genetic diversity to allow for the developing new and
diverse cultivars that are suitable for growing under
a range of biotic and abiotic stress conditions and
also have better nutritional quality (Zampieri et al.
2017). The genetic diversity of elite wheat breeding
pools through the introduction of beneficial variation
is essential to maximizing grain production poten-
tial. The identification and introduction of new/novel
genetic variability from landraces or related spe-
cies is one method for expanding the genetic base of
contemporary wheat breeding lines (Gaikwad et al.
2023). Wheat landraces are made up of intricately
varied, genetically dynamic, and diversified popu-
lations that are able to coexist with both biotic and
abiotic environmental pressures. The genetic makeup
of wheat landraces represents an evolutionary strat-
egy for performance and survival, particularly in arid
and semi-arid environments and with organic inputs.
The combined effects of natural selection and farmer
selection have produced genotype architectures that
represent various combinations of traits, includ-
ing growth habit, tolerance to abiotic stresses, early
growth vigour, competition with weeds, disease tol-
erance, water and nutrient use-efficiency, and quality
traits appropriate for a range of subsistence goals and
regional food preferences.

A major portion of the genetic diversity that is
present for a crop species is frequently seen in lan-
draces. Wheat and rice have been successfully bred
using landraces and related species (Swaminathan
2006; Gaikwad et al. 2014). Utilizing one of the
free threshing hexaploid species, Triticum sphaero-
coccum (2n=6x=42) in breeding programmes is
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worth investigating. The cultivation of this landrace,
which is native to north-western India and southern
Pakistan, dates back to the Bronze Age (Gupta et al.
2021). Its cultivation dates back to ancient times in
India, where it was grown in the area between the
Hindukush and the Northwest Himalayas (Pal 1966).
Around 3000 BC, Indian dwarf wheat T. sphaerococ-
cum was being cultivated, according to archaeologi-
cal data gathered from the Mohan-jo-Daro excavation
(Gupta et al. 2021). Ancient Indian cultures grew it as
one of their primary winter crops. However, it van-
ished from history in the early 20th century, particu-
larly after modern wheat cultivars were introduced
in India through the Green Revolution (Mori et al.
2013). The Indian Subcontinent’s hot and dry cli-
mate is home to natural populations of this species.
The very earlier report suggests that this landrace is
early flowering and resistant to yellow rust (Percival
1921), however, we believe that during the course of
time this species has become susceptible to rust and
this could be one of the reasons for their discontinued
cultivation in the farmers’ field.

The unique characteristics of this species like
Hemi-spherical glumes and grains, compact head,
and short awns are controlled by the pleiotropic
effects by a single locus Sphaerococcum 1 (SI),
which is located on chromosome 3D (Sears 1947).
The genetic identity of the locus and molecular mech-
anisms underlying the selection of this wheat type is
recently revealed (Gupta et al. 2021). The Rht gene
of the Green Revolution (Hedden 2003) does not con-
tribute to the semi-dwarf phenotype in Indian dwarf
wheat. This suggests that people in ancient India
might have utilized their own dwarfing gene thou-
sands of years before the Green Revolution (Mori
et al. 2013). Being a landrace, sphaerococcum wheat
is now almost extinct from cultivation. Few farmers
are growing this wheat in extremely limited areas in
states of Rajasthan and Madhya Pradesh. Therefore,
it has not been studied in detail. Therefore, the future
survival of this species is uncertain.

The Indian Subcontinent’s hot and dry climate
is home to natural populations of this species. It
enhanced drought tolerance and accumulation of
nitrogen and phosphate because of the presence of
Brassinosteroid Insensitive 2 (BIN2) gene that con-
tributed to the adaptation of such a small-grain form
of wheat to the dry climate of India and Pakistan
(Gupta et al. 2021). The occurrence of heat waves in
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the month of march is now a regular kind of phenom-
enon. In 2022, the excessive temperatures in March,
the steepest since the country’s temperature record-
keeping began in 1901, impacted wheat production.
Yields are 10-15% down, driving India’s forecasted
market year (MY) 2022/23 (April-March) wheat pro-
duction down from 110 million metric tons (MMT)
to 99 MMT (FAS, USDA 2022). Under this scenario,
the popular wheat cultivars in the farmers’ fields of
North and Central India have failed to beat the heat.
Thus, exploring heat and moisture stress tolerant
germplasm and related species of wheat to tackle the
problem of abiotic stresses is a need of an hour. Intro-
gression of abiotic stress tolerance from 7. sphaero-
coccum to bread wheat should be explored.

Very few accessions of T. sphaerococcum have
been used in wheat improvement programmes. They
do have advantageous qualities, but one drawback
of this wheat is that it yields less than bread wheat.
Being a landrace, the morpho-physiological and
molecular characteristics of sphaerococcum wheat
are little understood. Additionally, there are very few
accessions available in the major gene banks around
the world. For enhanced plant architecture, toler-
ance to abiotic challenges including heat and mois-
ture stress, and most significantly, nutritional quality
features, this species may be a valuable gene pool
for wheat breeding. So, it’s crucial to research these
resources’ genetic diversity in order to develop con-
servation strategies. In order to explore for genetic
variation for traits that are distinctive and to iden-
tify ways to utilise them in the breeding programme,
accessions of Indian dwarf wheat were evaluated in
this study under optimal, terminal heat stress and
deficient irrigation conditions in the field.

Materials and methods
Location, experimental site and environments

The field experiment was carried out in the Research
fields of ICAR-Indian Agricultural research Institute,
New Delhi which is situated at N 28° 38’ 24.0252”,
E 77° 10’ 26.328” and altitude of 228.61 m (750 ft)
above sea level in subtropical region of North West-
ern Plain Zone of India. The experiment was set up in
three different production environments: timely sown-
irrigated conditions (TS-IR), timely sown restricted

irrigation (TS-RI), and irrigated late sown conditions
(IR-LS). The trials were planted on 30" October 2021
and 10" November 2021 for restricted irrigated and
timely sown conditions respectively. The late sown
trial was planted on 20" December 2021.

Plant material

The experimental materials consist of 116 acces-
sions of T. sphaerococcum procured from three gene
banks. Out of these 32 accessions were procured from
IPK Germany, 27 accessions from Institute of Plant
Genetic Resources “Konstantin Malkov”, Sadovo,
Bulgaria, 31 accessions from National Small Grain
Collections, USDA, 22 accessions from Punjab Agri-
cultural University Ludhiana, India and 5 accessions
were available from farmer’s field. Twenty bread
wheat commercially cultivars were used as checks
according to their production environments. Culti-
vars HD 3226, HD 3086, HD 2967, DBW 327, DBW
187, DBW 303, HDCSW 18 were used as checks in
TS-IR trial, HD 3171, HD 3293, HI 1628, HI 1612,
HI 1605, HI 1620, C 306 were used in TS-RI trial,
and HD 3298, HD 3271, HI 1633, and HI 1634 were
used in IR-LS trial. The details of the T. sphaerococ-
cum accessions are given in Table S1.

Field experiment and data recording

The experiment was laid out in two replications using
a randomized block design (RBD). When adequate
moisture was available, genotypes were seeded in
the field. In each replication, genotypes were grown
in 2 m? plot. Depending on the rainfall, the field was
irrigated at regular intervals for TS-IR and LS-IR tri-
als. For TS-RI trial, apart from the pre sowing irri-
gation, the first irrigation was given at 30 days after
sowing and thereafter no irrigation was given to the
trial. Rainfall in the month of January completed the
requirement of second irrigation in TS-RI trial. Rec-
ommended standard cultural and agronomic practices
were followed to raise a healthy crop. Agronomic
traits including the day to flowering (DTF), days to
physiological maturity (DPM), plant height (PH),
tillers per mt row length (TPM), spike length (SL),
grains per spike (GRPS), 1000 grain weight (TGW),
and yield per hectare (YLD) were measured. In
addition to these traits, the geometric parameters of
grains, namely grain length (GL), grain breadth (GB),
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and grain surface area (GSA), were assessed using the
software SmartGrain Ver.1.3 (Tanabata et al. 2012).
In the present study two physiological traits were also
recorded. These includes, Normalized Difference
Vegetative Index (NDVI) and canopy temperature
measurements taken at four different growth stages:
active tillering (NDVI 1 and CT1), heading (NDVI 2
and CT2), grain filling (NDVI 3 and CT 3), and phys-
iological maturity (NDVI 4 and CT 4) respectively.

Environmental evaluation

The weather parameters were collected from the
Division of Agri. Physics, [CAR-IARI, New Delhi,
for the year 2021-2022 during crop growing sea-
son (November to May) (Fig. 1a). The TS-RI and
TS-IR conditions faced a temperature of around
29.4 °C and late sown conditions had temperature
of 20.6 °C during the sowing. At the anthesis stage
for TS-RI trial the mean maximum temperature was
around 21 °C, relative humidity (RH) was 91% and
sunshine hours was around 8.5; for TS-IR trial the

mean maximum temperature was around 25.3 °C,
RH was 91%, and sunshine hours was around 6.7;
for IR-LS trial the mean maximum temperature was
around 32.4 °C, relative humidity (RH) was 83%
and sunshine hours was around 8.4. A major event
of rainfall (95 mm) on 8th and 9th January 2022
completed the requirement of one irrigation. No
rainfall was recorded after the anthesis stage in all
the three trials. The TS-IR and TS-RI crop experi-
enced effect of heat stress during grain filling stage
whereas the late sown crop have experienced heat
stress during anthesis to grain filling stage (Fig. 1b).
When encountered anthesis and post-anthesis stage,
high temperatures [>28-30 °C] (Vignjevic et al.
2015) can dramatically shrink mature grain weight
in wheat, lowering yields (Kino et al. 2020). From
the last fortnight of March to first week of April,
India experienced sudden rise in temperature due
to which the wheat crop which was at anthesis and
grain filling stage experienced terminal heat stress.
This unusual heat of March 2022 led to lower wheat
production by 4 to 5 million tonnes.

a. Weather parameters of wheat growing season 2021-22
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Fig. 1 a Weekly weather parameter data of 2021-22 wheat growing season of IARI, New Delhi b Weather parameter data from sec-

ond fortnight of march 2022 to first fortnight of April 2022
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Statistical analysis

Statistical analysis was done using the mean val-
ues of the observations recorded on five randomly
selected plants from each of the replication. Analy-
sis of variance (ANOVA) was analyzed as a ran-
domized block design with STAR Software devel-
oped by IRRI. The obtained data were statistically
analyzed and least significant difference (LSD)
values were performed at the 5% and 1% probabil-
ity level. The phenotypic, genotypic coefficients
of variation were calculated by “variability” pac-
akge in R studio. The correlation between the traits
under the present study was analysed through the
“corrplot” package (Wei et al. 2017) in R studio.
The relation among environments, mean Vvs. sta-
bility, and ‘which-won-where’ were estimated and
represented in the form of biplot graphs using PB
Tools software developed by IRRI.

Results
Assessment of genetic variability

Analysis of variance revealed significant difference
among T. sphaerococcum accessions for all the agro-
nomic and physiological traits under all three produc-
tion environments (Table 1).

The genotype X environment (GXE) interaction
was also significant for all the traits studied (Table 1).
These results indicated a high variation among gen-
otypes that allow us to choose superior genotypes
under terminal heat stress and deficient irrigation
conditions. A quite noticeable range was observed
for most of the traits in 116 accessions of 7. sphaero-
coccum. The DTF had range of 100-141 days under
TS-IR, 98—-136 under TS-RI and 75-102 under IR-LS
conditions, PH had range of 77.4 to 148.5 cm under
IR-TS, 77.3-134.5 cm under TS-RI and 78.62-132.8
under IR-LS conditions. On of the grain geometric
parameters like GSA had 0.58-2.11 under TS-IR,
1.07-2.22 under TS-RI, and 0.69-2.04 under LS-IR

Table 1 Analysis of variance for agronomic and physiological traits across the three production environments

Traits Environment (ENV) Replications  Genotypes (GEN) ENV:GEN  Pooled error
within ENV
Degrees of Freedom 2 3 135 230 365
Days to flowering 78936.1%+* 2.15NS 359.64%* 93.9967**  1.76
Days to maturity 154143.4 ** 1.28NS 46.58%* 34.55%* 1.59
Plant height 3701.9%* 10.95NS 447.0%* 69.6%* 5.28
Tillers per mt row length 267517.6 ** 273.7TNS 4334.8 ** 3120.0 **  111.8
Spike length 0.91%* 0.02NS 12.65%* 4.28%* 0.28
Grains per spike 7766.4%* 5.23* 241.38%* 85.53%%* 2.02
Grain length 0.47%* 0.00INS 0.14%* 0.08%* 0.002
Grain breadth 0.01%* 0.00INS 0.04%* 0.03%* 0.004
Grain surface area 0.35NS 0.05* 0.21%* 0.13%%* 0.01
Normalized Difference Vegetative Index 1~ 0.25%* 0.0014** 0.0009%* 0.0017%** 0.0002
Normalized Difference Vegetative Index 2 0.84%* 0.002%%* 0.003** 0.002%%* 0.0003
Normalized Difference Vegetative Index 3~ 2.76%* 0.003*%* 0.008%*%* 0.007%* 0.0002
Normalized Difference Vegetative Index 4 ~ 0.31%* 0.001%** 0.01%%* 0.004** 0.0003
Canopy temperature 1 10608.3** 2.01%* 2%* 1.79%* 0.05
Canopy temperature 2 9370.2%* 14.22%* 6.54%* 4.21%* 0.07
Canopy temperature 3 13.37%%* 1.47NS 14.33%%* 7.38%%* 0.66
Canopy temperature 4 532.5%% 7.15%%* 7.51%% 8.38%* 0.26
Thousand grain weight 434.82 ** 5.65%* 107.62 ** 36.20 ** 2.18
Yield per hectare 5208.29 ** 0.70NS 349.61 ** 83.45 ** 0.41

NS P> 0.05; * P <=0.05; ** P <=0.01
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conditions. The grain yield observed good range of
variation under all three production environments
like 6.69—48.25 g/ha under TS-IR, 5.44-44.09 g/ha
under TS-RI, and 3.23-42.44 g/ha under LS-IR con-
ditions. The physiological parameters like NDVI4
observed range of 0.13-0.42 under TS-IR, 0.19-0.55
under TS-RI, and 0.20-0.40 under LS-IR conditions.
The CT4 observed range of 31.60-42.4 °C under
TS-IR, 35.5-41.7 °C under TS-RI, and 32.6-40 °C
under LS-IR conditions. The box plots (Fig. 2) rep-
resented the genetic variation between the 7. sphae-
rococcum accessions and bread wheat cultivars
released as checks evaluated under three production
environments. For DTF and DTM, the released cul-
tivars were earlier than sphaerococcum accessions by
at leastl5 days under TS-IR and TS-RI and 10 days
under LS-IR conditions. The PH of T. sphaerococ-
cum accessions is significantly lower than released
cultivars (range 85-95 cm) under all production envi-
ronments. The yield contributing traits like TPM,

DTM
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lower than the released cultivars (37.2 °C in TS-IR,
36.5 °C in TS-RI, and 33.4 °C in LS-IR). The mean
values of CT4 also shown similar trend. This shows
that 7. sphaerococcum accession could able to main-
tain cooler canopy with high greenness index under
stress as well as optimum environments.

Components of genetic variance

High GCV values were seen for YLD (41.27%), SL
(40.30%), GRPS (30.89%), TGW (24.99%), and
NDVI4 (23.85%) (Table 2). GCV values for CT4
(3.19%), DTF (7.06%), and CT3 (7.56%) were found
to be low. YLD (44.23%) had the highest magnitude
of PCV, followed by SL (42.83%), GRPS (36.92%),
TPM (31.69%), and NDVI4 (29.84%). Low PCV
magnitudes were seen for CT3 (9.05) and CT4
(6.51%) (Table 2). With the exception of DTF (17%)
and CT4 (24%), most of the traits under study have
substantial heritability. PH (85%), TGW (82%), YLD
(86%), and SL (88%), showed the highest heritability.
High genetic advance was noted for TPM (47.15), PH
(29.43), and YLD (23.32). The NDVI4 (0.11) and the
geometrical parameters of the grains, GB (0.22), GL
(0.41), and GSA (0.44), showed a low magnitude of
genetic gain. For every character under study in this
study, the phenotypic coefficient of variation (PCV)
was slightly greater than the corresponding genotypic
coefficient of variation (GCV), suggesting that the
environment has effect on how a character expresses

themselves. The expected genetic advance over mean
(GAM) was in the range (3.22-78.98%) and high-
est expected genetic advance was observed for YLD
followed by SL (78.12), GRPS (5§3.25), and TGW
(46.85). Traits like CT4 (3.22), DTF (6) observed low
GAM in the present study (Table 2).

Relationships among the traits

The correlation worked out among the different traits
studied in all three production environments is pre-
sented in Fig. 3a-c. In TS-IR, the YLD ha significant
correlation with TGW (0.82***), GRPS (0.74%%%),
GL (0.54%), and GB (0.52%). YLD also has high cor-
relation value GSA (0.45) however, it is non-signif-
icant. The YLD has significant negative correlation
with DTF (— 0.82%*%%*) and DTM (-0.67*%) (Fig. 3a).
The key yield contributing traits like GRPS, TGW,
GL, GB, GSA have significant negative correlation
with DTF. The CT4 has negative significant corre-
lation (— 0.55*%) with YLD. It means cooler canopy
is positively correlated with high grain yield. Under
TS-RI conditions (Fig. 3b), YLD ha significant cor-
relation with TGW (0.83**%), GRPS (0.67***), GL
(0.46%), and GB (0.49%). The YLD has significant
negative correlation with DTF (— 0.85%**) and DTM
(-0.54*%). The CT4 has negative significant cor-
relation (— 0.63*) with YLD. The cooler canopy is
responsible for high grain yield under moisture defi-
cit conditions. The important yield contributing traits

Table 2 Components of genetic variance among important traits across three production environments

Traits Mean (c2e) (62 g) (62 p) GCV (%) PCV(%) (1M2b)% GA GAM
Days to flowering 105.24 270.19 55.33 325.50 7.06 17.14 0.17 6.31 6.00
Plant height 98.52 39.46 238.08 277.54  15.66 16.90 0.85 2943  29.87
Tillers per mt row length ~ 190.96  2093.49  1341.44 343494  19.17 31.69 0.39 47.15  24.69
Spike length 5.72 0.69 5.32 6.01  40.30 42.83 0.88 447  78.12
Grains per spike 32.62 43.50 101.56 145.07  30.89 36.92 0.70 17.37  53.25
Grain length 1.71 0.02 0.05 0.07  13.80 16.25 0.72 041  24.12
Grain breadth 1.16 0.01 0.02 0.03 1245 16.18 0.59 022  19.72
Grain surface area 1.52 0.04 0.07 0.12  18.11 22.99 0.62 044  29.39
Normalized Difference 0.28 0.002 0.004 0.007 23.85 29.84 0.63 0.11  39.28
Vegetative Index 4
Canopy temperature 3 31.70 2.47 5.75 8.23 7.56 9.05 0.69 4.13 13.04
Canopy temperature 4 37.77 4.60 1.45 6.05 3.19 6.51 0.24 1.21 3.22
Thousand grain weight 27.66 9.90 47.81 5772 2499 27.45 0.82 1296  46.85
Yield per hectare 29.52 23.53 148.49 172.03  41.27 44.23 0.86 2332 7898
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Fig. 3 a Correlation among traits under TS-IR conditions, b Correlation among traits under TS-RI conditions, and ¢ Correlation

among traits under LS-IR conditions

like GRPS, TGW, and GB have significant nega-
tive correlation with DTF. Under LS-IR conditions
(Fig. 3c), the CT1 and CT4 have negative significant
correlation (— 0.63**, and —0.74***) with YLD. It
shows that the T. sphaerococcum accessions could
able to maintain cooler canopy under heat stress con-
ditions and is responsible for high grain yield. The
YLD has significant positive correlation with TGW
(0.82*%**) and GRPS (0.92%*), it also has positive
correlation with TPM (0.31) however, it is non-sig-
nificant. The GL and GSA have negative correlation
viz., — 0.48%, and —0.35 respectively with the YLD.
This is apparent because under heat stress conditions
the grain size decreases. The correlation of GSA
with YLD is negative but non-significant, it shows
that the effect of heat stress is not much on the grain

Contribution of variables to Dim-1

Contbutons ()

Contsbusons (%)

size and ultimately over the yield. In all three produc-
tions environments, TGW, GRPS, GL, GB, and GSA
showed positive correlation and DTF, DM and PH
shows negative correlations with YLD.

Principal component analysis

Biplot analysis was performed by comparing the
eigenvalues of PC1 and PC2 of principal component
analysis (PCA) for all the genotypes and the morpho-
physiological traits in order to deeply ascertain the
multivariate correlations between accessions and
the production environments (Fig. 4). The results of
the first two PC axes (PC1, 28.9% and PC2, 19.6%)
accounted for almost 48.5% of the overall variabil-
ity regarding the relationship between the traits and

Contribution of variables to Dim-2

Fig. 4 Contribution of variables to principal components 1 (PC1) and 2 (PC2)

@ Springer



Genet Resour Crop Evol (2024) 71:2779-2795

2787

genotypes, illustrating the intricacy of the variation
between the depicted components. The biplot dis-
plays a positive correlation between the vectors rep-
resenting traits (variables) with acute angles, negative
correlations for those with obtuse or straight angles,
and no connection for those with right angles (Fig. 5).
According to the PCA, over 73.19% of the gross
variance could be described by the first five vectors
combined that had eigen values greater than one
(Table 3). The first PC explained 28.90% of the vari-
ation, whereas the values for the second through fifth
PCs were 19.61%, 10.81%, 7.47%, and 6.39%, respec-
tively. The first PC included traits pertaining to physi-
ological traits, such as flowering, greenness index,
and canopy temperature. The main contributors of the
variation seen in the first PC were CT1, DTM, CT2,
NDVI3, DTF, NDVII, and GRPS.

Figure 5 characters having the biggest absolute
values within the first principal component, closer
to unity, are said to have a greater influence on the
clustering than characters with lower absolute values,
closer to zero. Grain-related traits like GSA, GL, and

PCA - Biplot

Dim2 (19.6%)

GB as well as yield-contributing traits like SL, TGW,
CT3, and YLD were the primary causes of the varia-
tion in the second PC (Fig. 5). For the third PC, the
traits NDVI4, CT4, and PH stand in for; for the fourth
PC, SL and TPM; and for the fifth PC, NDVI2 and
PH. (Table 3) The significance of the biggest con-
tributor to the overall variance at each differentia-
tion axis is shown in the principal component analy-
sis. A biplot of genotype by trait showed the spatial
variety of accessions in two dimensions, resembling
a clustering pattern where distinct clusters were rep-
resented. Because both production environments—
TS-IR and TS-RI—were timely seeded and had com-
parable sowing dates, they clustered together. But the
IR-LS environment can be easily identified from the
other two (Fig. 5). Larger vector lengths for traits like
CT1, CT2, DTM, DTF, GRPS, NDVI3, YLD, GSA,
TGW, and SL indicate high variability for these traits.
There was a strong association found between signifi-
cant trails such as YLD and TGW, GRPS, GL, GSA,
SL, GB, and CT4. Traits such as CT1 and CT2 are
highly correlated. In the same way, there was positive

Contrib
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@
O wr
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Fig. 5 Principal component analysis (PCA) based biplot showing correlation among the traits under three production environments
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Table 3 Correlation
matrix eigenvalues,

Traits

PC1 PC2 PC3 PC4 PC5

variance percentage, and
accumulated variation
percentage of the
obtained components for
various traits

Days to flowering
Days to maturity

Plant height

Tillers per mt row length
Spike length

Grains per spike
Thousand grain weight
Gran yield per hectare
Grain length

Grain breadth

Grain surface area

Normalized Difference Vegetative Index 1
Normalized Difference Vegetative Index 2 0.488
Normalized Difference Vegetative Index 3 0.820 —0.235 0.151
Normalized Difference Vegetative Index 4 0.003

Canopy temperature 1
Canopy temperature 2
Canopy temperature 3
Canopytemperature 4
Eigenvalue
Variance %

Cumulative variance %

0.815 —0.355 0.169 —0.051 0.177
0934 -0.245 -0.021 -0.075 0.013
0.295 0.242 0.498 0.258 0.489
0.375 0.162 0.289 0.265 —0.465
0.120 0.637 0.081 0.399 0.352
0.559 0449 -0.275 0.250 —0.268
0.234 0.617 —0.463 0.107 -0.129
0.356 0.560 —0.504 0.199 -0.162
0.158 0.796 0.326 —0.187 0.143
0.079 0.484 0.084 —-0.776 —0.175
0.169 0.797 0259 —0.478 0.060
—0.678 0.127 -0.199 0.017 0.338
-0.075 -0446 —0.142 0.518
—0.023 0.094
—0.363 0.600 -0.010 -0.114
—0.956 0.146 0.075 0.039 0.033
—-0.928 0.166 0.085 0.075 —0.001
—0.010 0.564 0.154 0.189 0.050
0.116 0.276 0.552 0269 —0.159
5.491 3.728 2.054 1.420 1.214
28902 19.619  10.811 7.472 6.391
28.902 48521  59.332  66.803  73.194

association between YLD and TGW and the geomet-
ric parameters of the grain in all three environments.

Mean yield performance among the environments

In three productions environments all 116 7. sphaero-
coccum accessions along with the 20 released culti-
vars as checks representing each production environ-
ment were evaluated for agronomic and physiological
traits. As discussed earlier mean yield of all 116 T.
sphaerococcum accessions in three trials was TS-IR
(33.29 g/ha), TS-RI (28.95 g/ha) and LS-IR (26.15 g/
ha). When compared to the bread wheat released cul-
tivars these yield levels are very low, this is because
the grains are smaller and weigh less. Under stress
conditions, one or two accessions, however, were
good yielders and comparable to the checks. Although
it is illogical to compare T. sphaerococcum with
T. aestivum, we are interested in knowing the yield
potential of T. sphaerococcum accessions in relation
to bread wheat cultivars. Among the 116 accessions,
we have selected 45 accessions which resembles true
plant type of T. sphaerococcum, their grain yield is

@ Springer

presented in Fig. 6a, b, c¢. In TS-IR trial (Fig. 6a), all
the checks yielded from 55 to 74.28 g/ha. The culti-
var DBW 187 yield highest with 74.28 g/ha followed
by HD 3226 with 69.33 g/ha. Among sphaerococcum
accessions the yield range was from 20 g/ha to 47.2 q/
ha. Few accessions like TS49 (47.25 g/ha), TS5, TS6
(44.7 g/ha), TS56 (42.8 g/ha) and Sugar free, TS61,
TS27, TS17, PAUTS16 yielded more than 40 g/ha
(Figure a). In TS-RI condition (Fig. 6b), TS49 has
more yield (44.09 g/ha) as compared to bread wheat
cultivars HI 1612 (43.35 g/ha), and HI 1628 (42.62
g/ha) (Figure b). Under TS-RI condition, the yield
gap between T. sphaerococcum accessions and bread
wheat cultivars is not much. It shows that, 7. sphaero-
coccum have tolerance to moisture deficit conditions.
The yield range among sphaerococcum accessions
was from 13 g/ha to 44 g/ha. Accessions like TS27,
TS6, TS5, PAUTS16, TS56, TS17 have yield more
than 37 g/ha under moisture deficit conditions. Com-
pare to check C 306 (29.2 g/ha) which is a drought
tolerant cultivar, 25 accessions of T. sphaerococcum
recorded significantly higher yield. Under, LS-IR
conditions (Fig. 6c¢), the yield of T. sphaerococcum
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Fig. 6 a Mean grain yield (g/ha) of selected 45 accessions of T. sphaerococcum under TS-IR, b under TS-Ri, and ¢ under LS-IR

condition

accessions ranged from 19.6 to 40.2 g/ha and checks
ranged from 36.5 to 45.9 g/ha. TS49 (40.2 g/ha)
and TS61(38.28 g/ha) have statistically higher yield
than check HI 1621 (36.57 g/ha) and at par with the
checks like HD 3271 (40.15 g/ha), HD 3298 (39.57 g/
ha). Accessions like PAUTS16, Sugar free, PAUTSI,
TS56, PAUTS17 and PAUTS19 had yield more than
35 g/ha under heat stress conditions.

GGE biplot analysis

For the visual examination of the relationships among
the test environments, genotypes, and the genotype X
environment (GXE) interactions GGE biplot analysis
was performed on the 116 T. sphaerococcum acces-
sions excluding the checks. Biplots were constructed
for all the traits, however, two important traits TGW
and YLD are discussed. In environment view plot
for TGW, environment E1 (LS-IR) and E3 (TS-IR)
are closer to the ideal environment and are highly
correlated to each other (Fig. 7a). Environment E2

(TS-RI) is away from E1 an E3 and therefore distinct
form these two. In genotype view biplot, genotype
G70 (TS45) was ideal genotype however, due to its
longer vector length from AEA, it is specific to TS-RI
environment. Genotypes G78 (TS49), G28 (TS12),
G27 (TS11-1), G91 (TS6), G43 (TS24), G110 (TS77)
were stable in performance and having high mean
value for the trait. In which-won-where biplot, all the
accessions were distributed in 5 clusters (Fig. 7a).
Environments E1 and E3 were in similar cluster
where genotypes G70 (TS45), and G78 (TS49) were
winning. Genotypes G107 (TS74), and G66 (TS41)
were specific for environment E2. In environment
view plot for YLD, environment E2 (TS-RI) and E3
(TS-IR) are closer to the ideal environment and are
correlated to each other (Fig. 7b). Environment El
(LS-IR) is away from E3 an E2 and therefore distinct
form these two. In genotype view biplot, genotype
G78 (TS45) and G24 (TS1) were having high mean
performance and stability hence, an ideal genotype.
In which-won-where biplot, all the accessions were
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Fig. 7 a GGT biplot showing environment, genotype view and what-won-where plot for 1000 grain weight (TGW), and b GGT
biplot showing environment, genotype view and what-won-where plot for grain yield (YLD)

distributed in 4 clusters (Fig. 7b). Although all the
environments lie in the same cluster, LS-IR environ-
ment is different from the rest two. For all the envi-
ronments G78 (TS49), and G24 (TS1), were winning
genotypes.

Discussion

For millennia, traditional wheat farming communi-
ties have contributed to the evolution and enrichment
of on-farm conservation of varied wheat landraces
by establishing efficient seed exchange systems that
support the landraces’ continued expansion and diver-
sification. Wheat landraces are composed of geneti-
cally dynamic, highly diversified, and intricately dif-
ferentiated populations that can withstand both biotic
and abiotic environmental stresses. Wheat landraces’
genetic composition reflects an evolutionary strat-
egy for adaptation and survival, especially in dry and
semi-arid conditions and with organic inputs. Since

@ Springer

high-yielding cultivars were introduced and wheat
agricultural systems underwent structural changes,
wheat landraces have lost genetic diversity. However,
the fact that some wheat landraces are still farmed
indicates either how important they will be to farm-
ers in the future or how much better they are than
current cultivars in terms of nutrition or agronomy.
The present study aimed to characterize one of such
ancient landraces of Indian sub-continent under opti-
mum, terminal heat stress and deficit irrigation condi-
tions. Significant differences were found by analysis
of variance between T. sphaerococcum accessions
for all agronomic and physiological parameters in
each of the three production conditions. For every
trait under investigation, the genotype X environment
(GXE) interaction was also significant. These findings
showed significant genotype diversity, which enables
us to select better genotypes in situations of extreme
heat stress and inadequate irrigation. Prior research
has not documented the phenotyping of these many
T. sphaerococcum accessions under optimum and
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abiotic stress conditions. Thus, the study’s results are
examined in respect to reports in bread wheat.

In the current study, the YLD had the greatest
GCV, followed by SL, GRPS, and TGW. For DTF,
CT3, and CT4, the magnitude of PCV and GCV
was minimal (Table 2). Similar findings in bread
wheat have previously been reported (Bhushan et al.
2013; Yadav et al. 2014; Hossain et al. 2021). For
the majority of the characters, the heritability esti-
mates were relatively high, indicating a strong genetic
component to all of the features. Given this genotype
set’s increased heritability, selection for the major-
ity of the traits may be successful. For YLD, PH,
GRPS, and geometric grain parameters, significant
heritability estimates were found in conjunction with
strong genetic advance. These findings suggested that
the aforementioned traits were controlled by addi-
tive gene action and would, therefore, be expected
to show improvement by direct selection. Nukasani
et al. (2013) also reported findings that were similar.
There are no reports available on T. sphaerococcum,
and all of these experiments have been conducted on
bread wheat.

The Indian dwarf wheat accessions were having
both generative and more vegetative tillers however,
generative tillers were less as compared to bread
wheat cultivars. Similar findings were also reported
by Szczepanek et al. (2020) in this specie. This spe-
cies was adapted to dry climates of the Indian sub
continents, hence, the more biomass at the early
growth period under deficit water conditions is help-
ful. In the present study, when T. sphaerococcum
accessions were compared for average grain yield
under optimum environment (33.29 g/ha) and under
stress environments like TS-RI (28.85 g/ha) and
LS-IR (26.15 g/ha). The reduction in yield under
TS-RI condition is 13.33% and LS-IR is 21.44%.
This magnitude of reduction in grain yield is lower
when compare to bread wheat. Under terminal heat
stress, significant yield reduction of 30-47.5% in
bread wheat was accounted (Kumar et al. 2021; Pou-
del et al. 2021) it means these species has tolerance
to terminal heat and deficit irrigation conditions.
Heat waves during the month of March are becom-
ing a common occurrence. Excessive temperatures in
March 2022, the highest since the country’s tempera-
ture record-keeping began in 1901, hampered wheat
production. Yields are 10-15% down, driving India’s
forecasted market year (MY) 2022/23 (April-March)

wheat production down from 110 million metric tons
(MMT) to 99 MMT (FAS, USDA 2022). The high
temperature (Fig. 1a and b) at IARI, New Delhi, coin-
cided with the anthesis stage in the LS-IR experiment
and the grain filling period in the TS-IR and TS-RI
trials. In the LS-IR experiments, the sphaerococcum
accessions performed best with the least amount of
yield drop at such a high temperature. This illustrates
the species’ ability to withstand extreme heat stress.
Recently work has been done to elucidate the drought
tolerance ability of this species. Gupta et al. (2021)
investigated the genetic basis of drought tolerance
in T. sphaerococcum. They discovered that a GSK3-
like kinase similar to the Arabidopsis BIN2 protein,
a negative regulator of brassinosteroid signalling, is
encoded by the S1 locus. The S1 protein is insensi-
tive to brassinosteroid, which upregulates brassinos-
teroid biosynthesis genes and dramatically improves
drought tolerance. The improved drought tolerance
and nitrogen and phosphate accumulation helped
to the adaptation of such a small-grain wheat to the
dry environment of India and Pakistan. Previously
Bansal and Sinha (1991) tested accession of T. sphae-
rococcum for drought tolerance and yield stability.
They found that on the basis of grain yield stability,
T. sphaerococcum, T. vavilovii and T. aestivum cv. C
306 exhibited better yield stability and drought resist-
ance than the other species tested.

Understanding relationships among evaluated
agronomic and physiological traits could provide
useful information for wheat breeding programs.
The Canopy temperature is one of the key physi-
ological factors that affects yield under stress. Due
to its strong adverse correlations with wheat’s
thousand-grain weight, grain weight per spike, and
grain number per spike when exposed to termi-
nal heat stress in the field, this trait has been sug-
gested as a possible selection criterion for breed-
ing programmes (Blum et al. 1989). In the current
study, CT4 demonstrated a strong negative cor-
relation with GRPS (-0.89%**), TGW (-0.64*%),
and YLD (- 0.74*%*) under LS-IR conditions and
TGW (— 0.45*%) and YLD (- 0.63**) under TS-RI
conditions. The physiological changes that a plant
makes in response to abiotic stress—such as heat
and drought—often involve trade-offs. Although not
the only explanation, this trade-off helps to explain
the strong correlation between the stresses of heat
and drought (Reynolds et al. 2007). Our research
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revealed a comparable trade-off between YLD and
canopy temperature (CT1 and CT 4); however,
NDVI3, and NDVI4 was significantly negative
under heat and moisture deficient conditions. These
results are consistent with previous research con-
ducted under late heat and drought stress conditions
in a landrace T. compactum (Blum et al. 1989),
durum wheat (Gautam et al. 2015) bread wheat
(Rutkoski et al. 2016; Thapa et al. 2018; Yashavan-
thakumar et al. 2021; Thakur et al. 2022). There is
currently no published research on T. sphaerococ-
cum on this aspect.

The yield in both optimum and stress conditions
was significantly positively correlated with the two
major yield-contributing traits: grains per spike and
thousand-grain weight. Therefore, breeding for stable
genotypes appropriate for stress and non-stress con-
ditions requires selection for these traits (Dwivedi
et al. 2018; Gupta et al. 2020; Yashavanthakumar
et al. 2021). Under both stress conditions in the cur-
rent study, there was a strong positive correlation
between YLD and TGW and GRPS. Under TS-RI
conditions, the geometric parameters of the grain in
this study demonstrated a significant positive associa-
tion with YLD. Limited irrigations have enhanced the
overall grain lustre and GSA under TS-RI conditions
in T. sphaerococcum. Such observations are preva-
lent in bread wheat cultivated in central India, where
moisture is scarce towards the conclusion of the har-
vest season. Sheng et al.‘s (2022) research on bread
wheat has also shown that optimum water manage-
ment can improve wheat’s end-use quality without
reducing grain yield. The relationship between YLD,
DH, and DTM in this study was inversely correlated
with each stress scenario. Breeding for drought and
high-temperature tolerance has acknowledged this
indicated drought escape mechanism by earliness and
short duration as an important trait (Gupta et al. 2020;
Yashavanthakumar et al. 2021; Mondal et al. 2013).
The principal component analysis inferred a signifi-
cant relationship between yield and TGW, GSA, SL,
and CT4, all of which are useful selection traits for
use in breeding of wheat for abiotic stress tolerance.
The importance of these traits in ideotype breeding
suitable for heat and drought stress is indicated by the
substantial positive connection seen between grain
yield and the aforementioned traits. Our findings for
T. sphaerococcum are consistent with those of Manu
et al. (2020) in bread wheat.

@ Springer

Due to the strong environmental influence on
quantitative traits, the genotype selection process
form multi-environment trail, is frequently challeng-
ing. In order to detect and select stable genotypes,
multi-environment trials utilising pertinent statistical
approaches, such as GGE, are helpful. A GGE biplot
makes it simple to see which genotypes perform best
in each environment and across all habitats. The
accessions TS49, TS45, TS1, TS6, TS24, and TS77 in
our investigation performed consistently in each pro-
duction conditions. Out of all the evaluated produc-
tion conditions, TS49 had the highest level of stabil-
ity and yield. These wheat genotypes have shown to
be the most promising as possible donors in breeding
initiatives creating drought-tolerant wheat cultivars to
counteract climate change’s effects and could be used
for developing mapping populations to identify quan-
titative trait loci. Under controlled circumstances,
accurate responses to genotype-by-environment
interaction can be evaluated, but it is frequently chal-
lenging to correlate these with real-world reactions
(Talukder et al. 2014). Thus, it is necessary to estab-
lish robust, relevant, repeatable, and highly heritable
phenotyping methods.

As indicated earlier, phenotyping of this large
number (116) of T. sphaerococcum accessions under
optimum and abiotic stress conditions has not been
documented in prior research. However, Das et al.
(2023) have recently looked at traits related to nitro-
gen use efficiency (NUE) and nitrogen deficiency tol-
erance (NDT) in 11 Indian dwarf wheat accessions
in order to study this species’ ability to flourish in
low nitrogen conditions. There have been reports of
a small number of accessions being assessed under
organic conditions. Szczepanek et al. (2020) assessed
the Persian wheat cultivar “Persa” and 7. sphaerococ-
cum cultivar called “Trispa” in an organic environ-
ment. They reported that compared to Persian wheat
(2.15 Mg ha-1), the grain yield of Indian dwarf wheat
(2.83 Mg ha-1) was noticeably higher. Additionally,
they have reported that 7. sphaerococcum yields bet-
ter (1 qt’/ha more) than bread wheat when grown in
organic environments. 7. sphaerococcum accessions
in our study likewise had comparable average grain
yields in TS-IR (33.29 g/ha), TS-RI (28.95 g/ha), and
LS-IR (26.15 g/ha) production environments. None-
theless, as compared to bread wheat cultivars, a small
number of accessions exhibit superior grain yielding
under stress in our study. The sowing density of T.
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sphaerococcum has been standardized by Szczepanek
et al. (2022) in order to increase grain production.
They came to the conclusion that a sowing density
of 600 pieces per millimetre squared, along with
mild droughts throughout the growth season, results
in a better yield of 7. sphaerococcum in integrated
low-input agriculture. These investigations demon-
strate that this species does better in environments
with lower moisture requirements and can be a viable
donor for wheat that can withstand moisture stress.

Indian dwarf wheat has a number of desirable
characteristics these include uniformly sized grains,
sturdy but short culms, upright leaves, resilience to
high temperatures, moisture stress, and high baking
quality. T. sphaerococcum has, however, not been
extensively used in breeding programmes to intro-
duce desirable traits. One wheat cultivar developed by
ICAR-TARI, New Delhi, namely HD 2888 (*C306/T.
sphaerococcum/ HW 2004), which has one of the
parent T. sphaerococcum, was released for cultiva-
tion in rainfed locations in the North Eastern plains of
India (Singh et al. 2007). Using this species in their
hybridization programme, Askhadullin et al. (2021)
produced a better line, Sh-359-11-5, with a greater
yield than its Indian dwarf wheat parent, k-45,738.
The outcomes of these two initiatives show that it is
possible to select for improvement while maintaining
T. sphaerococcum’s advantageous traits.

Conclusion

Our research presents, for the first time, the charac-
teristics of agronomical and physiological traits in
ancient landrace Indian dwarf wheat under optimum,
terminal heat stress and deficit irrigation conditions.
The current study’s accessions showed significant
degrees of variation, which were represented statisti-
cally via principal component and correlation analy-
ses. Assessment of T. sphaerococcum accessions
under conditions of terminal heat and moisture stress
confirmed that they have the ability to function bet-
ter under stress. This species may be of interest in
the breeding of climate-resilient wheat cultivars due
to the smaller magnitude of decline in grain produc-
tion under stress conditions when compared to bread
wheat. Under optimum, terminal heat stress, and
deficit irrigation conditions, accessions like as TS49
emerged as the best performing genotype. Although

landraces such as T. sphaerococcum cannot be
directly compared to contemporary improved culti-
vars, their use in breeding programmes ought to be
promoted. If farmers are to be encouraged to cultivate
and manage wheat landraces on their farms, the lan-
draces’ social worth needs to be elevated to the level
of high-yielding wheat cultivars, or even higher. This
will facilitate the continuation of the evolutionary
processes that shape landraces, particularly in their
centres of diversity.
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