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Abstract

Genetic diversity in maize is incessantly being reduced due to modern breeding practices. This necessitates the
creation of diverse pre-breeding lines with desirable allelic introgression from wild germplasm. With a view to
enhance maize germplasm, 169 teosinte derived maize inbred lines were developed and studied to assess the
genetic diversity in 14 morphological traits and to classify the lines into different clusters. Analysis of variance
revealed significant variation amongst the genotypes for all the traits. High heritability with high genetic advance
were observed for anthesis silking interval, flag leaf length, plant height, ear per plant, ear length, ear diameter,
number of kernel row/ear, number of kernel/row and thousand kernel weight; high heritability and moderate
genetic advance were observed for days to anthesis and days to silking while for flag leaf width, node bearing
cob and grain yield/plant moderate heritability and high genetic advance were observed. Principal component
analysis revealed that first five components had greater than one eigenvalue and accounted for 66.50% of the
total phenotypic variation. The values of Euclidean dissimilarity matrices ranged from 6.28-366.88 and genotypes
were grouped into fourteen clusters at a Euclidean distance of 62.5. The cluster 8 had early maturing genotypes;
cluster 8, 10 and 11 had genotypes with shorter anthesis silking interval and cluster 2, 3 and 4 possessed genot-
ypes superior with respect to yield contributing traits. A significant positive correlation of 0.499 was observed
between morphological and molecular data indicating that the two data sets reflect the same genetic diversity
pattern and can be utilized simultaneously to capture diversity present in maize germplasm

Abbreviations

MDS- Multidimensional scaling; ED- ear diameter; KR/E- number of kernel row/ear;
PCA- Principal component analysis; K/R- number of kernel/row

DA-days to anthesis; TKW- thousand kernel weight;

DS- days to silking; GY/P- grain yield per plant;

ASI- Anthesis-Silking Interval; BIL-Backcross inbred line;

FLL- flag leaf length; CTAB-Cetyltrimethyl ammonium bromide;

FLW- flag leaf width; SSR-simple sequence repeats;

PH- plant height; UPGMA-unweighted pair group method with arithmetic averages;
NBC- node bearing cob; PC-Principal component;

E/P- ear per plant; GA- Genetic advance.

EL- ear length;

Introduction breeding point of view. In crop breeding program,
diverse nature of germplasm serves as allele reservoir
and provides novel as well as rare alleles for the purpo-
se of breeding. Improving climatic resiliency of the cul-
same or to different species. Besides being of evolutio-  tivars is also heavily dependent on diverse allelic forms,

nary significance, it is extremely important from plant may it be from primary, secondary or tertiary gene po-

Genetic diversity refers to the degree of differentiation

that is found between individuals belonging to either
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ols. Genetic diversity not only ensures long-term via-
bility of plant populations, but is also the underlying
cause of many agriculturally important phenomena
like transgressive segregation and heterosis. With the
progression of time, natural variability in different crop
species have been declining at a very fast pace. The
main drivers of this depletion are faulty breeding prac-
tices that focused on improvement of few traits espe-
cially yield and yield contributing traits, utilization of
few elite parents in varietal development and globali-
zation of few outstanding varieties thereby leading to
large areas being cultivated by few uniform genotypes.

Tremendous phenotypic and molecular diversity is pre-
sent in maize genome (Buckler et al., 2006) with exotic
and elite maize genotypes being more diverse at DNA
sequence level than most wild plants of other genera
(Wright and Gaut, 2005). However, on account of being
sourced from a restricted set of ancestral population
(Yu et al., 2007) and human directed selection (Van
Heerwaarden et al., 2012) today’s elite maize genot-
ypes are characterized by lower genetic variance when
compared to the progenitor populations from which
they have evolved (Lu et al., 2009). Reduced genetic
variance restricts the potential to breed for new market
demands, resistance to new pathogens, and adapta-
bility to changing environments (Cooper et al., 2014).
Due to lack of operation of domestication bottlenecks,
extensive genetic variation is available in different wild
relatives of maize (Vigouroux et al., 2005; Singh et al.,
2021; Sahoo et al., 2021). Teosinte for example displays
high genetic variation and is proved to be the source of
diverse alleles providing resistance against number of
biotic and abiotic stresses in maize including leathop-
per, fall army worm (Bernal et al., 2015), maize spotted
stalk borer (MSSB) (Niazi et al., 2014), red flour beetle
(Joshi et al., 2021), gray leaf spot, corn smut (Chavan
and Smith, 2014), southern corn leaf blight, northern
corn leaf blight and corn leaf spot to name a few.

The breeding goals will be easier to address if the enor-
mous genetic variation present in wild progenitors be-
comes available to breeders in a form, they can use in
their breeding programs. Teosinte (Zea mays ssp. parvi-
glumis) being wild progenitor of maize (Doebley et al.,
1984) is interfertile with maize, produces viable hybrids
(Singh et al., 2017) and in certain parts of the world is
still believed to be exchanging genes with maize natu-
rally. The variability present in teosinte can be tapped
by generation of diverse prebreeding lines which will
serve as a donor of novel genetic variation and can be
utilized to breed for high value characteristics such as
nutritional quality, abiotic and biotic stress resistance.
Creation of diverse lines may prove to be a futile exer-
cise if proper characterization of generated lines is not

undertaken. An understanding of genetic relationship
among inbred lines in general and wild-derived lines
in particular will be useful in allocating lines to speci-
fic heterotic groups which is important for planning of
hybridization (Hallauer and Miranda, 1988).

Multivariate analytical techniques simultaneously
analyze multiple measurements on each individual un-
der investigation and are being widely used for genetic
diversity analysis based on morphological, chemical, or
molecular marker data. Among different multivariate
analytical techniques, multidimensional scaling (MDS)
techniques particularly Principal component analysis
(PCA) and cluster analysis appears to be more useful
and are being commonly employed (Mohammadi and
Prasanna, 2003). PCA has been widely used in plant
sciences for reduction of variables and grouping of ge-
notypes whereas cluster analysis helps in grouping of
individuals based on different characteristics such that
individuals with similar descriptions are assembled into
the same cluster (Hair et al., 1995). On the basis of clu-
stering of genotypes, hybridization programs may be
initiated (Azad et al, 2012).

Taking into consideration the narrow genetic base of
germplasm in maize breeding programs (Liu et al.,
2016) and the immediate need to diversify maize germ-
plasm in order to meet future breeding demands (Ku-
mar et al., 2019; Adhikari et al., 2019; Adhikari et al.,
2021) an investigation was undertaken with an objec-
tive to genetically enhance maize germplasm through
teosinte (Zea mays ssp parviglumis) genome introgres-
sion and creation of teosinte introgressed maize inbred
lines. The introgressed lines were further used, to va-
lidate the variability among lines due to allelic intro-
gression from teosinte, to carry out PCA to identify the
traits contributing maximum to the total phenotypic va-
riation, to construct pair wise distance matrix and clas-
sify inbred lines into different clusters on the basis of
data on morphological traits in order to facilitate their
utilization for crop improvement programs and also to
find out the relationship between morphological and
molecular distances utilizing different measures of di-
stance/similarity.

Material and methods
Genetic material

Genetic material was developed at N. E. Borlaug Crop
Research Centre, G. B. Pant University of Agriculture
and Technology, Pantnagar, Uttarakhand, India. Teosin-
te (Z. mays ssp. parviglumis), wild progenitor of mai-
ze, was used as pollen parent and a promising maize
inbred DI 103 used as seed parent were crossed to
generate F, seeds. The F, plants raised from F, seeds
were backcrossed to the maize inbred DI 103 and the
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resultant BC,F, was subsequently selfed for four con-
secutive generations leading to the development of
BC,F; population constituting of 169 backcross inbred
lines (BILs).

Experimental design and observations proce-
dure

The 169 BC,F; lines along with both parents were eva-
luated in Randomized Complete Block Design with two
replications. Each BIL was sown in a single row which
was 2 m long and was at a distance of 75 cm from the
adjacent row. Data on fourteen morphological cha-
racters namely, days to anthesis (DA), days to silking
(DS), Anthesis-Silking Interval (ASI), flag leaf length
(FLL), flag leaf width (FLW), plant height (PH), node be-
aring cob (NBC), ear per plant (E/P), ear length (EL),
ear diameter (ED), number of kernel row/ear (KR/E),
number of kernel/row (K/R), thousand kernel weight
(TKW) and grain yield per plant (GY/P) were recorded.
DA and DS were computed as number of days after
sowing required by 50% plants in a row to attain anthe-
sis and silking, respectively. For characters namely FLL,
FLW, PH, NBC and E/P, the values averaged over five
randomly selected and tagged plants per genotype in
each replication was used for analysis. For traits namely
EL, ED, KR/E and K/R five randomly selected ears har-
vested from five randomly selected and tagged plants
of each line were used for analysis.

DNA extraction and genotyping

Genomic DNA of each line of the BIL population was
extracted from leaves of 30 days old plants using CTAB
(Cetyltrimethyl ammonium bromide) method of Doyle
and Doyle (1990) with some minor modifications. DNA
quality was ensured by electrophoresis of stock DNA
in 0.8% agarose gel while quantification was done with
spectrophotometer (Systronics PC Based Double Beam
Spectrophotometer 2202). The DNA stocks were then
diluted to a working concentration of 200 ng/ul and
stored for further PCR amplification. Out of the total
168 microsatellite markers screened on parental lines,
76 were found to be polymorphic between maize line
DI 103 and teosinte accession. These 76 simple se-
quence repeats (SSR) markers were then used for ge-
notyping of 169 e lines. Amplification of DNA was
done in 13.8 pl reaction mixture consisting of 3 ul DNA
template (200 ng/pl), 0.35 pl dNTPs mix (2.5 mM each),
0.25 pl Tag DNA polymerase (3U/ul), 1.5 pl reaction
buffer with 15mM MgCl, (10X), 1.5 pl of both forward
and reverse primer (40 ng/ul) and 7.2 pl deionized wa-
ter. The PCR amplification product was resolved in ho-
rizontal gel electrophoresis assembly using 3% agarose
gel. The amplicon profiles of each BIL were visualized

and photographed with ultra violet light in gel docu-
mentation unit (Alpha Innotech Corporation, USA) after
75% of gel run.

Data analysis

Analysis of variance for fourteen morphological traits
was done with the help of XLSTAT software (Addinsoft,
2019). Heritability in broad sense (h 2b) was estimated
according to the formula suggested by Johnson et al.
(1955). Genetic advance was calculated following for-
mula given by Johnson et al. (1955) and genetic advan-
ce in percent of mean was calculated by the formula
given by Comstock et al. (1952). Computation of heri-
tability and genetic advance % mean was done with Mi-
crosoft Excel. The mean values of each trait were used
to perform PCA, cluster analyses and dendrogram
construction. On the basis of morphological traits BlLs
were classified into different clusters using unweighted
pair group method with arithmetic averages (UPGMA)
clustering algorithm with dissimilarity between lines
expressed as Euclidean distance. Euclidean distance
between two individuals i and j, having observations
on morphological characters (p) was denoted by x,, x,,
e Xy and y,, y,,..., yp for i and j, respectively, and was
calculated with the following formula:
A5 = [0 -y, + 0 -y + (5,7 v,

Marker data were recorded with 76 SSR markers for
each genotype. The data were recorded in binary for-
mat where 1’ referred to the presence of a specific al-
lele at the locus while ‘0’ referred to the absence of the
same allele. Molecular data was subsequently used for

the construction of Jaccard's similarity coefficient ma-
trices based on the formula:

GDy=1-[N/(N;; + Ny +Ngy)l

Where, N, was the number of bands/alleles present in

both individuals; N, was the number of bands/alleles

present only in the individual i; N, was the number of
bands/alleles present only in the individual j.

The computation of PCA, Euclidean distance matrices,
construction of dendrogram, calculation of cophenetic
correlation coefficient and application of Mantel's test
(Mantel, 1967) were done with the help of PAST (Pale-
ontological STatistics) software (Hammer et al., 2001).

Results and discussion

Assessment of genetic variability amongst BiLs
for different morphological traits

Analysis of variance showed presence of significant
differences amongst the genotypes for all the traits
indicating the presence of genotypic differences and
suggesting the importance of selection for the im-

66 ~ M7

Maydica electronic publication - 2021
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Table 1 - Analysis of variance, mean, range, heritability and genetic advance for fourteen morphological traits in maize.
BC1F5 Mean sum Genetic
Characters Maize (DI 103) Teosinte of square Mean sum of Heritability (h?) advance %
treatment square Error mean
MeanzSEM Range

DA 55.00 83.00 58.33+1.63 48-72 34.99** 5.32 73.60 11.67

DS 56.50 78.00 57.91+1.63 46-69.5 48.5** 5.31 80.26 14.81

AS| -1.50# 5.00 2.5+0.35 -7-6# 2.899** 0.24 84.70 87.33
FLL 31.50 24.50 33.19+0.83 8.75-79.67 256.96** 1.36 98.95 69.79
FLW 4.78 3.70 4.15+0.26 1.5-7 2.76%* 1.4 32.69 23.41

PH 98.43 241.50 165.44+4.39 61-248.67 1980.58** 38.61 96.18 38.05

E/P 1.42 266.00 2.44+0.25 1.17-5.83 0.843** 0.123 74.53 43.74
NBC 4.35 6.06 6.24+0.53 2.33-8.83 1.983** 0.566 55.59 20.71

EL 14.45 4.10 10.62+0.80 5.25-18.17 9.79** 1.27 77.03 35.14

ED 3.43 0.73 2.65x0.19 1.17-3.92 0.4%* 0.073 69.13 26.18
KR/E 12.83 2.00 10.13+0.66 2.67-17.33 6.78** 0.86 77.49 30.81
K/R 14.00 3.67 17.91+1.23 3.5-36.83 87** 3.03 93.27 71.96
TKW 192.25 64.85 138.34£2.85 69.45-254.50 2813.86** 16.27 98.85 55.37
GY/P 62.5 135 39.94+3.64  4.42-240.83 1429.55** 406.61 44.28 51.64

** Significant at 0.01 probability level.
# negative sign indicates anthesis occurred before silking.

SEM- Standard error mean, DA- days to anthesis, DS- days to silking (DS), ASI- Anthesis-Silking Interval, FLL- flag leaf length, FLW- flag leaf width,
PH- plant height, E/P- ear per plant, NBC- node bearing cob, EL- ear length, ED- ear diameter, KR/E- number of kernel row/ear, K/R- number of

kernel/row, TKW- thousand kernel weight, GY/P- grain yield per plant.

provement of these traits. Ghimire et al. (2015) also
observed significant variations among the genotypes
for grain yield, ear weight, number of kernel/row, num-
ber of kernel/ear, ear length, ear girth, plant height and
ear height. Significant genotypic differences for ave-
rage number of cobs per plant, average cob length,
average number of grains per cob, average number of
grains per plant, average number of rows in a cob and
hun—dred grain weight were also observed by Dutta et
al. (2017) while evaluating 84 maize genotypes. In the
present investigation DA ranged from 48-72 days while
DS ranged from 46-69.5 days. MT 148 was the best
genotype with respect to DA as it required minimum
number of days to anthesis (48 days) followed by MT
39 (48.5 days) and MT 52 (48.5 days). MT 39 was also
earliest for silking (46 days) followed by MT 52 (46.5
days) and MT 34 (47 days). MT 39 and MT 52 were ear-
liest for both anthesis and silking wherein silk emerged
prior to anthesis. While MT 146 took highest number
of days for both anthesis and silking. Lines that require

lesser number of days for both anthesis and silking can
find their significance in breeding for early maturing va-
rieties. AS| noted in materials ranged from -7 to 6 days.
Ngugi et al. (2013) also reported range of ASI from -2
to 10 days while studying ASI usefulness in developing
drought tolerant maize. MT 1, MT 9, MT 14, MT 15,
MT 17, MT 29, MT 35, MT 47, MT 50, MT 56, MT 60,
MT 64, MT 73, MT 77, MT 85, MT 93, MT 94, MT 118,
MT 120, MT 129, MT 139, MT 155 showed an ASI of 1
day and MT 29 had ASI of 0 day. MT 195 showed hi-
ghest difference between anthesis and silking of 7 days
wherein anthesis was followed by silking. FLL ranged
from 8.75-79.67 cm while FLW ranged from 1.5-7.0 cm.
The lowest FLL and FLW were displayed by MT 5 and
MT 124 while genotypes MT 94 and MT 103 showed
highest FLL and FLW, respectively. Larger leaf area is
the key to increasing or sustaining maize yield, howe-
ver smaller leaves in the middle and upper canopy of
the plants can result in larger canopy openness thereby
improving light penetration at high densities (Huang et
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Table 2 - Factor loadings, Eigen values and cumulated total variation of the first five principal components

Variables PC1 PC 2 PC3 PC 4 PC5
DA -0.294 -0.064 0.477 0.185 0.358

DS -0.382 -0.042 0.534 0.082 0.024

ASI 0.238 -0.023 -0.230 0.136 0.501

FLL 0.108 0.582 0.103 0.328 -0.009

FLW 0.147 0.604 0.035 0.247 0.004

PH 0.310 0.253 0.208 -0.361 -0.061

E/P 0.042 0.182 0.199 -0.155 0.384

NBC 0.063 0.056 0.395 -0.492 -0.158

EL 0.388 -0.075 0.259 0.094 -0.206

ED 0.272 -0.218 0.249 0.330 0.123

KR/E 0.320 -0.314 0.110 0.279 -0.061

K/R 0.405 -0.185 0.205 0.088 -0.118

T™W 0.133 -0.066 -0.029 -0.178 0.582

GY/P 0.258 0.010 0.010 -0.374 0.172
Eigen value 3.19 1.89 1.66 1.37 1.21

Cumulated variation (%) 22.77 36.24 48.08 57.88 66.50

DA- days to anthesis, DS- days to silking (DS), ASI- Anthesis-Silking Interval, FLL- flag leaf length, FLW- flag leaf width, PH- plant height, E/P- ear
per plant, NBC- node bearing cob,EL- ear length, ED- ear diameter, KR/E- number of kernel row/ear, K/R- number of kernel/row, TKW- thousand

kernel weight, GY/P- grain yield per plant, PC 1- Principal component 1, PC 2- Principal component 2, PC 3- Principal component 3, PC 4- Principal

component 4, PC 5- Principal component 5.

al., 2017). Hence smaller leafed genotypes viz., MT 5
and MT 124 can be useful in developing varieties su-
itable for high density plantings. Plant height ranged
from 61-248.67 cm. MT 11 and MT 183 were the shor-
test and tallest genotypes, respectively. Plant height
in maize is an important agronomic trait as it is highly
heritable, easy to measure, and influences stalk lodging
(Li et al., 2007). Previous research had shown that plant
height correlates highly with biomass and grain yield
and so can be effectively used for estimating biomass
(Salas Fernandez et al., 2009; Han et al., 2019) and
grain yield (Yin et al., 2011; BarreroFarfan et al., 2013;
Geipel et al., 2014). NBC ranged from 2.33-8.83. NBC
along with internode length determines the height of
ear in maize plant. Genotypes MT 131 (2.33) had the
lowest NBC. Genotypes characterized by lower NBC
and lesser internode length are desirable as it is asso-
ciated with lower ear height which along with high top
height/plant height ratio lowers the center of gravity
of plant leading to enhanced lodging resistance (Li et
al., 2007). Ear/plant ranged from 1.17-5.83 and MT 69
with 5.83 E/P showed highest prolificacy. The EL ran-
ged from 5.25-18.17 cm with largest length recorded
for MT 60. The ED varied from 1.17-3.92 cm and MT
106 showed the largest diameter. The KR/E for the po-
pulation ranged from 2.67-17.33 with MT 77 showing
the highest number of kernel rows per ear. The K/R ran-

ged from 3.5-36.83 while TKW and GY/P ranged from
69.45-254.50 g and 4.42-240.83 g, respectively. Genot-
ypes MT 92, MT 183 and MT 176 showed highest K/R,
TKW and GY/P, respectively. Higher estimates of E/P,
EL, ED, KR/E, K/R and TKW are important as these are
the major yield contributing traits in maize that can be
selected for indirect improvement of maize yield.

Heritability is classified as low (below 30%),
medium (30-60%) and high (above 60%) as suggested
by Johnson et al. (1955). Heritability was high for DA,
DS, ASI, FLL, PH, E/P, EL, ED, KR/E, K/R and TKW while
for FLW, NBC and GY/P moderate heritability estima-
tes were observed. Heritability ranged from 44.28%-
98.95% and it was highest for FLL (98.95%) followed
by TKW (98.85 %), PH (96.18%), K/R (93.27%), ASI
(84.70%), DS (80.26%), KR/E (77.49%), EL (77.03%), E/P
(74.53%), DA (73.60%), ED (69.13%), NBC (55.59%),
GY/P (44.28%) and FLW (32.69%). Genetic advance as
percent mean is categorized as low (0-10%), modera-
te 10-20% and high (>20%) as suggested by Falconer
and Mackay (1996). GA was high for ASI, FLL, FLW, PH,
E/P, NBC, EL, ED, KR/E, K/R, TKW and GY/P while it
was moderate for DA and DS. Values of genetic advan-
ce percent mean ranged from 87.33% to 11.67%. Hi-
ghest GA was observed for ASI (87.33%) followed by
K/R (71.96%) and FLL (69.79%) while it was lowest for
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Table 3 - Distribution of genotypes in different clusters

Cluster No. of genotypes Genotypes

1 1 Teosinte

2 1 MT 61

3 1 MT 183

4 1 MT 176

5 18 MT 3, MT 14, MT 27, MT 28, MT 34, MT 37, MT 45, MT 50, MT 57, MT 62, MT 64, MT 69, MT
85, MT 119, MT 128, MT 143, MT 144, MT 190

6 6 MT 25, MT 152, MT 160, MT 164, MT 174, MT 175

7 15 MT 1, MT 2, MT 46, MT 47, MT 58, MT 86, MT 106, MT 112, MT 131, MT 147, MT 149, MT
172, MT 185, MT 187, Maize

8 7 MT 19, MT 24, MT 60, MT 94, MT 108, MT 120, MT 127

9 2 MT 70, MT 99
MT 5, MT 10, MT 16, MT 17, MT 20, MT 22, MT 26, MT 30, MT 35, MT 39, MT 40, MT 44, MT
52, MT 55, MT 59, MT 68, MT 72, MT 77, MT 78, MT 80, MT 82, MT 83, MT 87, MT 90, MT 91,

10 61 MT 92, MT 96, MT 100, MT 102, MT 103, MT 105, MT 114, MT 117, MT 121, MT 122, MT 123,
MT 124, MT 129, MT 130, MT 133, MT 134, MT 136, MT 137, MT 139, MT 140, MT 141, MT
150, MT 153, MT 156, MT 159, MT 167, MT 168, MT 169, MT 170, MT 178, MT 179, MT 182,
MT 184, MT 188, MT 191, MT 195
MT 6, MT 8, MT 12, MT 13, MT 15, MT 18, MT 29, MT 33, MT 41, MT 42, MT 51, MT 56, MT
63, MT 65, MT 66, MT 67, MT 71, MT 73, MT 74, MT 79, MT 81, MT 84, MT 88, MT 89, MT 93,

" 52 MT 95, MT 97, MT 98, MT 101, MT 107, MT 109, MT 111, MT 115, MT 116, MT 118, MT 125,
MT 126, MT 132, MT 135, MT 138, MT 145, MT 146, MT 148, MT 151, MT 155, MT 158, MT
162, MT 165, MT 166, MT 177, MT 181, MT 161

12 3 MT 9, MT 110, MT 173

13 2 MT 32, MT 53

14 1 MT 11

DA (11.67%). High heritability and high genetic advan-
ce were observed for ASI, FLL, PH, E/P, EL, ED, KR/E,
K/R and TKW; high heritability and moderate genetic
advance were observed for DA and DS while moderate
heritability and high genetic advance were observed
for FLW, NBC and GY/P. Greater magnitude of broad
sense heritability coupled with higher genetic advan-
ce for all the traits studied provided evidence for exi-
stence of high additive gene effects in controlling the-
se traits. Traits with high heritability and high genetic
advance could be improved by plant selection based
on phenotypic performance (Akbar et al., 2003; Sadat
et al., 2010), traits with high heritability but low ge-
netic advance indicated the presence of non-additive
(dominant/epistatic) gene action in controlling these
trait (Akbar et al., 2003). Such traits could be improved
by development of hybrids. High heritability and GA
were also observed by Mahmood et al. (2004) for grain
yield/ plant, plant height and days to anthesis; by Kin-

fe and Tsehaye (2015) for plant height and grain yield.
High heritability for plant height was also observed by
Peiffer et al. (2014). Bekele and Rao (2014) recorded
high genetic advance with higher heritability for 100
seed weight which is in accordance with the present
findings. Rahman et al. (2015) also found the same re-
sult for 1000-kernel weight. These traits can therefo-
re, be improved through simple or progeny selection
methods. High heritability and moderate GA were
observed for DA and DS. Similar results for DS were
also reported earlier by Mahmood et al. (2004). Hence
improvement for both DA and DS can be achieved by
careful selection based on plant phenotype.

Principal component analysis

Multivariate analysis is used to analyze a group of data
with more than one variable. One of the multivariate
analyses technique is PCA, which is used to decide the
contribution of different characters on total variability
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Table 4 - Mean values of clusters for different traits.

Cluster DA DS ASI FLL FLW PH E/P NBC EL ED KR/E K/R ™ GY/P
1 83.00 78.00 5.00 24.50 3.70 241.50  266.00 6.06 4.10 0.73 2.00 3.67 64.85 135.00
2 56.00 59.00 -3.00# 38.67 4.93 22375 2.83 6.17 10.67 2.83 12.67 22.67 167.50 132.67
3 58.00 55.00 3.00 36.92 4.62 248.67 2.00 7.50 13.67 2.75 11.33 29.67 25450 111.50
4 56.00 50.50 5.50 31.50 4.42 229.92 2.33 7.67 12.92 2.83 11.67 24.25 238.50 240.83
5 55.91 54.64 1.39 33.59 4.29 199.47 2.80 6.69 11.62 2.72 10.54 21.69 155.96 56.64
6 57.50 55.67 1.83 36.60 4.90 206.40 2.58 6.28 13.08 3.04 10.94 2336 199.89 35.39
7 57.50 56.27 1.23 27.14 3.62 149.18 2.24 5.93 10.10 2.85 10.06 17.19  201.44 52.71
8 55.93 54.21 1.71 42.96 4.88 201.06 2.48 6.69 13.38 2.82 10.90 24.69 95.15 70.74
9 59.75 59.25 0.50 35.64 4.31 241.75 1.75 7.08 14.92 2.63 10.50 14.83 93.40 30.00
10 58.35 58.73 -0.38# 32.25 4.06 161.84 2.39 6.25 10.50 2.56 10.19 17.08 105.82 34.37
" 59.54 59.35 0.19 33.87 4.16 152.02 2.46 6.04 9.72 2.60 9.65 16.39 149.26  25.56
12 59.67 58.67 1.00 46.69 4.62 125.85 2.22 6.06 10.83 2.58 11.22 12.83 115.33 70.61
13 57.75 56.00 1.75 26.15 3.80 91.25 1.83 4.83 10.17 2.63 10.00 10.71  136.83  49.50
14 66.50 63.00 3.50 9.70 2.98 61.00 2.17 7.00 10.75 2.58 8.00 2033  193.75 13.67

# negative sign indicates anthesis occurred before silking.

DA- days to anthesis, DS- days to silking (DS), ASI- Anthesis-Silking Interval, FLL- flag leaf length, FLW- flag leaf width, PH- plant height, E/P- ear
per plant, NBC- node bearing cob, EL- ear length, ED- ear diameter, KR/E- number of kernel row/ear, K/R- number of kernel/row, TKW- thousand

kernel weight, GY/P- grain yield per plant.

to easily determine the character that can represent a
genotype (Afuape et al., 2011). PCA was performed
on fourteen characters of different scales therefore a
correlation matrix standardizing the original data set
was preferred for analysis. Results of the PCA analysis
showed five principal components having Eigen values
more than 1.00 (Table 2) i.e., PC 1 (3.19), PC 2 (1.89),
PC 3 (1.66), PC 4 (1.37) and PC 5 (1.21) which toge-
ther explained 66.50% of the total phenotypic variation
present in the data. The Eigen value for all five princi-
pal components ranged from 1.21-3.19. The principal
component 1 (PC 1) accounted for 22.77% of the total
phenotypic variability with major contribution from K/R
(factor loading- 0.405) followed by EL (factor loading-
0.388), DS (factor loading- 0.382) and KR/E (factor loa-
ding- 0.320). The principal component 2 (PC 2) covered
13.468% of the total variation and major contributors
were FLW (factor loading- 0.604), FLL (factor loading-
0.582), KR/E (factor loading- 0.314) and PH (factor lo-
ading- 0.253). The principal component 3 (PC 3) and
principal component 4 (PC 4) contributing 11.84% and
9.8% of the total phenotypic variation were mainly in-
fluenced by DS (factor loading- 0.534), DA (factor loa-
ding- 0.477), NBC (factor loading- 0.395), EL (factor loa-
ding- 0.259) and NBC (factor loading- 0.492), PH (factor
loading- 0.361), ED (factor loading- 0.330), FLL (factor

loading- 0.328), respectively. The principal component
5 (PC 5) contributed only 8.61% of the total phenot-
ypic variation and major contributors were TW (factor
loading- 0.582), ASI (factor loading- 0.501), E/P (factor
loading- 0.384) and DA (factor loading- 0.358). These
results revealed that yield contributing traits (K/R, EL,
KR/E, ED), maturity (DA, DS), flag leaf size (FLL, FLW)
and plant size (PH and NBC) were the key traits having
largest contribution to the total phenotypic variation
amongst teosinte derived maize population. In a similar
experiment pertaining to multivariate analysis of gene-
tic diversity of 75 maize genotypes, Syafii et al. (2015)
identified four major principal components explaining
67.27% and 71.85% of the total phenotypic variation
in maize sole cropping system and maize-Albizia crop-
ping system, respectively. In accordance with the study
conducted by us, maximum variation was contributed
by leaf area, leaf area index, days to tasseling and days
to harvesting under both the cropping systems. Ano-
ther experiment conducted by Dutta et al. (2017) re-
vealed that three principal components having greater
than one eigen values contributed 76.6% of the total
variation amongst eighty-four genotypes of maize with
yield per ha, aver—age number of grains per plant, cobs
per plant contributing maximum to the total variation.
The distribution pattern of 169 maize inbred based on
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Fig. 1 - Biplot representing distribution pattern of 169 maize inbreds.

first two principal components is presented in fig 1. The
biplot (Fig 1) also provides an insight into the direction
of correlation that exist between different variables.
GY/P had positive correlation with ASI, EL, NBC, PH,
TW, K/R, ED, KR/E, E/P, FLW and FLL while negative
correlation with DA and DS. A negative correlation was
evident from an obtuse angle between GY/P vector
and DA, DS vector. Dutta et al. (2017) also showed that
yield was positively associated with average number of
cobs per plant, average cob length, average number of
grains per cob, average number of grains per plant and
hundred grain weight. A high correlation between yield
and hundred grain weight was also observed by Hema-

30

vathy et al. (2008). Corke and Kannenberg (1998) and
Mohammadi et al. (2003) also observed high correla-
tion between grain yield and num-ber of rows per ear.
Grain yield being controlled by polygenes is a quanti-
tative trait (Bello and Olaoye, 2009) and have low heri-
tability. Selection for yield alone is not much effective
and improvement in yield requires indirect selection
for other traits that are positively and highly correlated
with yield (Muhammad et al, 2003). In the present in-
vestigation, the traits found to be positively correlated
with yield and having high heritability are ASI, EL, PH,
TW, K/R, ED, KR/E, E/P, and FLL. These traits are as-
sumed to have great potential and can be given due

254

20

15

Eigenvalue %

10+

Component

Fig. 2 - Scree plot representing fourteen principal components.
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Fig. 3 - Dendrogram from UPGMA clustering of 169 inbred lines and two parents based on Euclidean distance.
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Fig. 4 - Mean values of fourteen morphological traits for different clusters.

attention while planning for grain yield improvement in
maize. The scree plot visualizing the amount of varia-
tion each principal component captures from the data
is depicted in fig 2. The scree plot is not an ideal one
as it requires eight principal components for explaining
85% of the total variation present in the data set. PCA
therefore might not be the best multivariate analysis
technique to visualize this data and when only first five
principal components (Eigen value>1) were taken into
account for data representation a substantial amount
of information was anticipated to be lost.

Classification of genotypes into different clu-
sters on the basis of morphological characteristics

Cluster analysis using unweighted pair group method
with arithmetic average (UPGMA) along with construc-
tion of Euclidean distance matrices was done. The
dissimilarity matrices expressing divergence between
genotypes in terms of Euclidean distance ranged from
6.28-366.88. The maximum distance of 366.88 was
observed between teosinte and inbred line MT 11 with
teosinte being part of cluster 1 and MT 11 of cluster
14. This was followed by a distance of 345.49 between
teosinte and MT 1 (cluster 7) and a distance of 344.13
between teosinte and MT 112 (cluster 7). Inbred lines
MT 125 and MT 126 showed minimum divergence with
the lowest Euclidean distance of 6.28 and both of them
were grouped together in cluster 11 followed by MT
132 and MT 15 with a distance of 10.9 and grouped to-

gether in cluster 11, and MT 129 and MT 169 grouped
together in cluster 10 with distance of 11.0. Clustering
of inbred lines based on morphological data is shown
in Fig 3.

Dendrogram was checked for agreement using the
cophenetic correlation coefficient and a value of 0.769
was obtained. Though cophenetic correlation coeffi-
cient value equal to or greater than 0.85 is considered
good (Stuessy, 1990), values greater than 0.75 also lies
within an acceptable range thereby ensuring the con-
sistency of the dendrogram with the distance matrices
(Bohn et al. 1999). The lower cophenetic correlation
coefficient values obtained in our study may be due
to large number of genotypes involved in the analysis.
In accordance with our study Rincon et al. (1996) also
obtained a cophenetic correlation coefficient of 0.91
when 23 individuals and 11 traits were used for den-
drogram construction and a coefficient of 0.60 when
68 individuals and 11 traits were considered. Thus, the
study indicates that as the number of individuals incre-
ases the agreement between phenograms and dissimi-
larity matrices decreases. The same was also reported
by Rohlf and Fisher (1968) who proposed that cophe-
netic correlation coefficient decreased if the number of
individuals increased above 50 and further increase in
individuals had no more effect on cophenetic correla-
tion coefficient.

Based on morphological diversity, at a Euclidean di-
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stance of 62.5, 171 genotypes including two parents
were grouped into fourteen clusters (Table 3). Teosinte,
being morphologically very distinct from the maize line
DI 103 and derived inbreds, separated into a different
cluster at a Euclidean distance of 312.5. The distribu-
tion pattern revealed maximum number of genotypes
i.e., 61 were present in cluster 10 followed by cluster
11 having 52 genotypes and cluster 5 having 18 genot-
ypes. Cluster 8 was composed of 7 genotypes, cluster 6
of 6 genotypes, cluster 12 of 3 genotypes while two ge-
notypes were present each in cluster 9 and cluster 13.
Minimum number of one genotype was placed each in
cluster 1, 2, 3, 4 and 14. A study conducted by Chen
et al. (2008) reported 10 clusters constituting of a total
of 186 maize genotypes. Mean performance of diffe-
rent clusters for different traits is shown in table 4 and
presented in fig 4. All short duration genotypes with
reduced days to anthesis and silking were grouped
together in cluster 8. The mean DA for cluster 8 was
55.93 days while 54.21 days were required for silking
with a short ASI of 1.71 wherein silking preceded an-
thesis. Cluster 8 also constituted of genotypes with
high flag leaf length (42.96 cm) and high K/R (24.69).
K/R was one of the important traits determining plant
yield. However, cluster 8 was also characterized with
smaller grains and lower test weight (95.15 g). Shortest
interval between anthesis and silking of 0.19 days was
a characteristic of cluster 11 which constituted of 52
genotypes. Positive ASI in cluster 11 signified that it
constituted of genotypes were silking occurred prior to
anthesis. Sixty-one members of Cluster 10 had an ASI
of -0.38 days and was next to cluster 11 in having short
ASI. It however consisted of genotypes in which anthe-
sis occurred prior to silking. Drought stress in maize
in particular is associated with delayed emergence of
silk resulting in an increased ASI. The increased ASI
leads to gap between availability of pollen grains and
receptivity of stigma (silk emergence) leading to non-
synchrony and decreased fertilization, reduced kernel
set and increased barrenness (Hall et al., 1984). There-
fore, maize genotypes which maintains a short ASI du-
ring moisture stress conditions are capable of retaining
high grain yield (Bruce et al., 2002). This approach is
being routinely used by CIMMYT to improve and breed
for drought tolerant maize genotypes (Banziger et al.,
2000). Association of short ASI with grain yield under
stressed conditions was also evident from a study con-
ducted earlier by Duvick (1997) in which he showed
that yield of maize hybrids released from 1930 to 1991
for stress environment increased by 53 kg/ha/yr with an
accompanied reduction in ASI by 0.04 days/yr, an incre-
ase in harvest index by 0.1%/yr and rise in ear/plants by
0.002 number/yr. Therefore, genotypes of cluster 8, 10
and 11 can be evaluated in drought stress conditions to

validate stability of lower ASI following which they can
be used further in stress resistance breeding programs.

Cluster 14 was characterized by reduced flag leaf
length (9.70 cm) and flag leaf width (2.98 cm). Both
these traits are associated with reduced leaf area. Be-
sides lower leaf area cluster 14 was also characterized
with reduced height (61 cm). In a study conducted by
Lambert et al. (2014) it was found that maize leaf area
is an important factor in manipulating plant densities
as genotypes with lower leaf area are more tolerant to
higher plant densities compared to those having higher
leaf area. In fact, reduced leaf area provides better light
penetration to lower leaves specially to leaves around
ear which lead to better photosynthate accumulation
and hence higher yields compared to plant with higher
leaf area. Going by the same logic of reduced mutual
shading of plants and increased light penetration, ano-
ther plant architecture trait i.e., reduced leaf angle, go-
verned by teosinte-borne UPAZ2 allele, upon its transfer
to modern maize, substantially increased the yield due
to increase in plant density (Tian et al., 2019). Both re-
duced height and lower leaf area were characteristics
of genotypes belonging to cluster 14 and hence their
potential can be explored in breeding varieties suita-
ble for high density plantings. Cluster 14 was however,
poor in other yield contributing traits as ED (2.58 cm),
KR/E (8) and GY/P (13.67 g). Cluster 13 had genotypes
with shorter height (91.25 cm) and lower values for EL
(10.17 cm) and K/R (10.71). With respect to yield contri-
buting traits cluster 2 (E/P- 2.83, KR/E -12.67 and GY/P
132.679), cluster 3 (EL-13.67 cm, K/R - 29.67 and TW
-254.50 g) and cluster 4 (KR/E -11.67, TW -238.50 g
and GY/P -240.83 g) were considered to be superior.
Hence, for the improvement of yield through manipu-
lation of yield contributing traits, genotypes should
be selected from cluster 2, 3 and 4. Therefore, after
proper combining ability assessment, hybridization
between individuals belonging to cluster 2, 3 and 4
with individuals of cluster 8 are assumed to be of great
significance in breeding genotypes for short duration
and higher yield.

Relationship between morphological and mole-
cular distances

Mantel test have long been used in ascertaining corre-
spondence of matrices derived by means of different
marker systems over the same set of genotypes. In
present study it was used to ascertain the correspon-
dence between the distance matrices calculated with
the help of both morphological and molecular data.
Mantel test revealed significant positive correlation of
0.499 between morphological and molecular marker
based analysis. In accordance with our finding, Beyene
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et al. (2005) also reported a correlation of 0.43 betwe-
en morphological and SSR marker data and a correla-
tion of 0.39 between morphological and AFLP marker
data while assessing genetic diversity in maize germ-
plasm. The correlation obtained was much lower in se-
veral other crop species as r=0.08 in faba bean (Ouji
et al., 2016), r=0.217 in sesame (Reed and Frankham,
2001) and r=0.31 in castor germplasm (Rukhsar Patel
et al., 2017). Moderate positive correlation between
molecular and phenotypic distances observed in our
investigation indicated that phenotypic variability can
to a limited extent be attributed to genetic factors ho-
wever the effect of environment cannot be ignored.
This justification might be acceptable owing to the fact
that morphological traits used to classify genotypes
were polygenic in nature and variation in such traits
were significantly affected by environment (Smith and
Smith, 1992). Oligogenic or polygenic control of an-
thesis silking interval, culm diameter, days to anthesis,
days to silking, ear diameter, ear length, kernel row/
ear, kernel weight, leaf length, leaf width, plant height
and tassel branch number was also evident from their
approximately normal distribution (Chen et al., 2019)
while studying teosinte Nested Association Mapping
population. Therefore, the presence of genotype X en-
vironment interaction also might be one of the reasons
responsible for lower correlation between morphologi-
cal and molecular distances. The presence of moderate
positive correlation indicates that both morphological
and molecular marker data likely reflects the same
pattern of genetic diversity and both of them may be
utilized simultaneously and in conjugation to capture
actual genetic diversity present in maize germplasm.

Conclusions

The results of the study indicate diversification in teo-
sinte-derived maize inbred lines leading to significant
differences for all the fourteen traits. The promising li-
nes displaying desirable magnitude of a specific trait
can therefore be used as donor in maize breeding
programs. The magnitude of heritability and genetic
advance would also be useful in assessing the most
suitable breeding method to be adopted for improve-
ment of the trait concerned. All the characters studied
in present investigation showed greater magnitude of
both heritability as well as genetic advance; therefo-
re, selection based on phenotypic performance would
be sufficient to bring about an improvement for the
traits concerned. The investigated genotypes were
successfully classified into 14 discrete clusters with dif-
ferent mean values. The genotypes belonging to diffe-
rent clusters were genetically more diverse compared
to genotypes belonging to the same cluster. Therefore,

by making crosses between genotypes from different
clusters, plant breeders have greater chances of obtai-
ning superior high-yielding hybrids from fewer crosses.
However, the clustering has to be augmented with spe-
cific combining ability data in order to ascertain that
genotype pairs which are to be used as parental lines
for hybrid development also possesses good specific
combining ability. The PCA helped in identification of
traits which were most important in determining va-
riation amongst different genotypes. The correlation
between morphological and molecular data depicts
correspondence between the two data sets. Therefo-
re, traits identified by PCA and contributing maximum
to the phenotypic variation can be used in conjugation
with molecular markers to better classify genotypes.
The present investigation therefore indicates that teo-
sinte can be used successfully in diversification of maize
germplasm through allelic introgression. Such germ-
plasm can play significant role in maize improvement
program.
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