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Finger millet (Eleusine coracana L. Gaertn.) ranks third in production among the dry land cereals. It is
widely cultivated in Africa and South Asia where soil salinization is a major production constraint. It
is a potential crop for salt affected soils. To identify salt tolerant germplasm, the minicore finger millet
germplasm (n=80) was screened for grain yield performance in a soil saturated with NaCl solution of
100 or 125 mM. Genotype effect was significant for most traits, while salinity x genotype interaction was
significant only in one year. Salinity delayed phenology, marginally reduced shoot biomass and grain
yield. There was a large range of genotypic variation in grain yield under salinity and other traits. The
yield loss was higher in accessions with prolific growth and yield potential was associated with saline
yields. Based on saline yields, accessions were grouped in to four groups and the top tolerant group had
22 accessions with IE 4797 remaining at the top. Salinity had no adverse impact on grain yield of five
accessions. Root anatomy in selected genotype of pearl and finger millet showed presence of porous
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cortex and well fortified endodermis in finger millet that can exclude Na* and enhance N absorption.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Finger millet (Eleusine coracana L. Gaertn.) is one of the most
important minor millet of the tropics accounting for 12% of the
global millet area. It is a potential and nutritious crop for the
increasing world population, particularly in arid and semi-arid
regions where it is usually ranked third in cereal production, after
sorghum and pearl millet [1]. Major producers are Uganda, India,
Nepal and China [2]. It is ancient with its domestication dat-
ing back to 5000 years [3]. It is widely cultivated in Africa and
South Asia and is a rich source of seed protein, fiber and minerals
such as iron, calcium and manganese [4]. The nutritional qual-
ity of finger millet grains makes it an ideal food for expectant
women, breast-feeding mothers, children, the sick and diabetics
[5]. It is a major component of the food prepared for the HIV
patients in Eastern Africa. In some parts of Africa and Asia, the

* Corresponding author. Tel.: +91 40 30713657; fax: +91 40 30713074.
E-mail addresses: |.krishnamurthy@cgiar.org,
LKM1949@gmail.com (L. Krishnamurthy).

http://dx.doi.org/10.1016/j.plantsci.2014.07.001
0168-9452/© 2014 Elsevier Ireland Ltd. All rights reserved.

grains of finger millet are used for producing beer or liquor [3].
Finger millet has also been used as a folk remedy for many dis-
eases [6]. The finger millet straw is a highly nutritious fodder.
Finger millet is considered to be an ideal crop for changing food
habits of people due to its nutritional richness, high photosyn-
thetic efficiency, and good resistance to biotic and abiotic stresses
[7].

Global estimates, dating back to two decades, indicate a constant
increase in salt affected soils to an extent of 10% of the arable lands
[8]. It was further estimated that about 23% of the cultivated area
had already been affected by salinity and 37% by sodicity. Another
report estimates that approximately 10% of the Earth’s total land
surface may be salt-affected [9]. Crop plants were shown to differ
greatly in their tolerance to salinity, as exhibited by their difference
in growth responses [10]. Soil salinity drastically reduces the pro-
ductivity of most crops although to a varying extent across species
[11,12]. Generally, legumes are very sensitive to salinity than the
cereals [ 13]. Among cereals, the response of rice was ranked as the
most sensitive while barley the most tolerant [10] and the dryland
crop species such as sorghum and pearl millet ranked moderately
tolerant [14,15].
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Constant increase in salinity, both in the intensely irrigated and
the dry land cropping systems, threaten crop production necessi-
tating identification of crop species that can better tolerate the soil
salinity/alkalinity and the genetic variation within each species for
response to salinity. In spite of the importance of this constraint and
the crop, very little work had been done on assessing the salinity
response of finger millets. Currently available literature on finger
millet salinity response only deal with either seedling level tol-
erance [16] or on biochemical differences [17] with no effort on
understanding the crop yield response. During this experimenta-
tion, the plants were noticed to display nitrogen abundance in the
shoot system which was contrary to the usual finding on plant
growth under salinity in general. It is usual for crop plants to grow
poor and to display nitrogen deficiency symptoms [ 14| consequent
to salinity-impaired N uptake [18]. Root system, the inter-phase
between the soil and the plant, and the status of its anatomy are
expected to throw some understanding on the mechanism of salin-
ity tolerance in this crop species. Root anatomy and xylem vessel
characteristics were shown to help in understanding the drought
tolerance strategies of various grain legumes [19]. The objectives
of this study was to characterize the finger millet minicore col-
lection [20] for the extent of natural genetic variation, to identify
salinity tolerant accessions for use in crop improvement and to
understand the difference in root anatomy in comparison to pearl
millet, another salt tolerant crop.

2. Materials and methods

2.1. Plant growth, treatment conditions, sowing dates and genetic
material

Plants were grown in pots filled with soil that was either left
untreated (non-saline treatment) or treated with NaCl (saline treat-
ment) in an open-air facility that was protected from rain by a
movable rain-out shelter. Experiments were undertaken, in two
years at the International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT), Patancheru (17°32’N. 78°16E, altitude: 546 m
above sea level) India. The crops were sown on 10 July 2008 and
2 June 2009, and harvested when matured. Maximum temper-
ature range in the growing season was 23-35.8°C in 2008 and
25.9-38.8°C in 2009, and minimum temperature range was from
11.4-25.9°C in 2008 to 14.0-27.6°C in 2009.

The pots (27 cm diameter), containing 11kg of Alfisol, were
buried in plots spaced 0.45 x 0.35M such that the pot rim was
at the same level of the outside soil surface to avoid direct solar
radiation incidence on the pots. The Alfisol (pH=6.9, CEC: clay
ratio=0.29, EC=0.1 mM [21] taken from the top 10cm of soil at
the ICRISAT farm, were fertilized with di-ammonium phosphate
(DAP) and muriate of potash at a rate of 200 mg kg~! soil each. Half
of the pots were artificially salinized by applying a salt quantity of
1.08 gNaClkg~! soil, equivalent to applying a 100 mM solution of
NaCl in sufficient volume of water (2.035L) to wet the Alfisol to
field capacity (19.7% w/w) in 2008. The salt dose was increased to
1.35gNaClkg~!, equivalent to 125 mM solution of NaCl in 2009 as
the 2008 dose was considered suboptimal for the best genetic dis-
crimination. The remaining half number of pots received tap water
containing no significant amount of NaCl in the same quantities to
bring them to field capacity.

The saline treatment was applied as two half doses at sowing and
12 days after sowing to more realistically represent a field situation
than a single application. After salt application and for the remain-
ing crop cycle, pots were watered with tap water and maintained
close to a range of 60-90% field capacity (determined gravimet-
rically) to avoid an increase in the salt concentration in the soil
solution with the soil drying. This was on alternate days initially

and on every day after 35 days of crop age. The base of the pots
of the saline treatment was sealed to avoid salt leakage, while the
pots of the non-saline treatment had holes to allow drainage. Over-
watering of all pots was avoided. This method has had consistently
good results both in pulses and cereals [22-24].

In both the years, about 6 to >10 seeds were planted in each pot
and before the seedling age of 12 days thinned to two plants per
pot. The experiments were planted in a 25 x 4 alpha lattice (incom-
plete block design) with three replications in 2008 and in a 42 x 2
alpha lattice with five replications in 2009 under two salinity lev-
els (saline and non-saline). In 2008, 100 entries of the finger millet
accessions, that included 66 minicore and 34 agronomically supe-
rior accessions were evaluated. In 2009 the whole minicore with
four agronomically superior checks (n =80 +4)was evaluated as the
germplasm accessions had a good range of variation.

2.2. Measurements

Days to panicle emergence, days to maturity, shoot biomass
(g pot~1)including grains and grain yield (g pot~!) was measured in
each year. Grain yield or shoot biomass productivity under salinity
was used to rate the salt tolerance of the accessions. The relative
ratio of grain yield under salinity to that of control was used as
index of salinity tolerance.

2.3. Root sampling and sectioning

Finger millet under salinity was noted, during the whole growth
phase, to exhibit low senescence rate and dark green leaves relative
to control plants. Therefore the root anatomy was compared with
pearl millet, another salinity-tolerant crop [25], to find a clue on
the possible alternate mechanisms of salt tolerance in finger mil-
let. One of the finger millet checks used in this study [accession
IE 4673 (VL 149)] and a pearl millet variety with similar duration
[ICMB 88004] were harvested from plants that were at milky stage
of grain filling, after digging a trench in a way to expose the roots up
to 0.3 m of soil depth, from an unrelated nonsaline Alfisol field. The
roots of average diameter were selected for sectioning. Freehand
sections of about 50 wm thick were cut and the selected sections
were stained with 50% toluidine blue, a polychromatic stain that
gives different colors with different tissues, and mounted in dis-
tilled water. For each crop, three uniform sections were selected
at random for observation. Pictures were taken using an optical
microscope (Olympus BX43F, Tokyo, Japan) connected to a digital
camera using a 10 x 10 magnification.

2.4. Statistical analysis

The replication-wise values of various traits in each salt envi-
ronment were used for statistical analysis using ReML considering
genotypes as random. Variance components due to genotypes
(04%) and error (0e?) and their standard errors were determined.
Environment wise best linear unbiased predictors (BLUPs) for the
tested accessions were calculated. Heritability in broad sense was
estimated as h? =042 /(04% +(0e?/[r). The significance of genotypic
variance was assessed from the standard error of the estimate of
genetic variance og?, assuming the ratio o4?/SE (0g?) to follow
normal distribution asymptotically.

For the pooled analysis, homogeneity of variance was tested
using Bartlett’s test [26]. Here, the year (environment) was treated
as a fixed effect and the genotype (G) x environment (E) interaction
as random. The variance due to (G) (ogz) and (G) x (E) interaction
(agEz) and their standard error were determined. The significance
of the fixed effect of the year or saline treatment was assessed using
the Wald statistic that asymptotically follows a x?2 distribution.
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As grain yield of germplasm accessions under salinity across
years had a significant interaction, their BLUPs were further
grouped into various response groups for salt reaction by a
hierarchical cluster analysis [27]. Principal coordinate analy-
sis (PCoA) was also performed based on distance matrix to
further assess the salinity response groups made [28]. All sta-
tistical analyses were carried out using Genstat, Release 10.1
[29].

3. Results
3.1. Salinity effects

Seedling emergence was delayed by two days under salinity
(data not shown). It was visually observed that salinity also delayed
the development of nodal roots and the inability of seminal root
to anchor the shoot led to the lodging of the plant. Large num-
ber of the lodged plants died but the required two plants per pot
were achieved by sowing more seeds and careful earthing up of the
seedlings.

Salt treatment significantly influenced all the traits except the
stover weight in 2008 and the panicle harvest index in 2009.
Genotype x Salinity interaction was not significant for any of the
traits in 2008 but this interaction was significant for all the traits
in 2009 (Table 1). Salinity delayed senescence, delayed phenol-
ogy and intensified the leaf greenness, extensively (Fig. 1). The
delay was about 10 days in panicle emergence and maturity in
both the seasons (Table 2). Salinity extended the vegetative dura-
tion by 10 days but the reproductive duration remained unaltered
(26 days in 2008 and 28 days in 2009). Total shoot biomass was
reduced, on average, from 194+31.8g to 182+ 17.3 g in 2008 and
from 336 +41.6g to 236 +27.8 g during 2009 that amounted to a

reduction of 6 and 30% of the biomass in 2008 and 2009,
respectively. Similarly the mean grain yield was reduced from
50.5+10.5g to 38.7+7.8¢g in 2008 and 48.3+8.4 to 354+6.3¢g
in 2009 which was a 23 and 27% reduction. Salinity reduced
the harvest index by 5% in 2008 but remained unchanged in
2009. Salinity reduced panicle harvest index only in 2008. The
biomass of all the plant components (stover and panicle) was
reduced by salinity. During 2008, the stover was not reduced
but the panicle weight was reduced by 18% whereas during
2009 both the stover and the panicle were reduced by 31 and
28%. The soil and weather variations and a higher concentration
(125 mM) of salt application in 2009 could be the two reasons
for these differences across years and the variation in quan-
tum reduction. The soil and weather variation also could be a
reason for the increased mean biomass productivity in the con-
trol in 2009 compared with 2008. However the panicle weight
and the grain yield under control were comparable between the
years.

3.2. Germplasm effects

The germplasm variability for salinity tolerance was measured
primarily by the grain yield and the total shoot biomass produc-
tion including the grains. On the common accessions across years,
the time to panicle emergence had varied by 53 days (from 51 to
104) under control and by 56 days (from 58 to 114) under salinity
in 2008. It had varied by 79 days (from 49 to 128) under control
and 86 days from (57 to 143) under salinity in 2009 (Table 2). Sim-
ilarly in the common accessions, the days to maturity had varied
by 64 days (from 73 to 137) under control and 62 days (from 83
to 145) under salinity in 2008. This was 94 days (from 67 to 161)
under control and 89 days (from 80 to 169) under salinity in 2009.

Fig. 1. Differences in growth and canopy color of the minicore finger millet germplasm between the (A) nonsalinized control, (B) its close up and (C) salinized once with
100 mM saturation of NaCl, (D) its close up during 2008 rainy season at Patancheru. Note the delay in phenology and senescence, excessive leaf drooping and darker green

canopy in salt treated plants (C, D) compared to the control (A, B).
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Table 1

Analysis of variance for various characters measured on the minicore collection of finger millet germplasm grown under both salinity-stressed and control conditions in the

2008 and 2009 rainy seasons, ICRISAT Center, Patancheru, India.

Salt treatment

Salt treatment x genotype

Wald statistic Significance level og? (SE)
2008
Days to panicle emergence 550.6 <0.001 2.86(1.64)
Days to maturity 365.8 <0.001 3.62 (2.46)
Shoot biomass (g pot~') 8.3 0.005 250 (134)
Stover biomass (gpot—1) 0.02 0.884 138 (70)
Panicle biomass (gpot™!) 54.9 <0.001 16.6 (19.4)
Grain yield (gpot™1) 71.8 <0.001 18.7 (14.9)
Harvest index (%) 91.0 <0.001 2.49(1.89)
Panicle harvest index (%) 45.1 <0.001 11.8(5.8)
2009
Days to panicle emergence 269.7 <0.001 11.4(2.59)
Days to maturity 182.4 <0.001 14.52 (3.22)
Shoot biomass (g pot™!) 182.6 <0.001 1585 (377)
Stover biomass (g pot~1) 166.2 <0.001 825(187)
Panicle biomass (g pot=') 115.8 <0.001 78.4(20.7)
Grain yield (gpot™1) 94.2 <0.001 45.8 (12.6)
Harvest index (%) 4.17 0.044 2.26 (0.55)
Panicle harvest index (%) 0.08 0.774 23.0(5.15)

The common accessions ranged in shoot biomass production and
grain yield by two-folds both under control and salinity in both
the seasons. However the mean shoot biomass production and the
grain yield in 2009 was substantially higher than in 2008 closely
similar to Table 2. The performance of the 34 accessions, which
were tested only in 2008, for all the traits was close to the means
in Table 2 but with a narrow range. The harvest index range of the
common accessions was 34% under control that got reduced to 30%
under salinity in 2008. However this range was 12% under control
and 11% under salinity in 2009. A 40% range of panicle harvest index
variation of accessions was increased to 51% under salinity in 2008
but this range was 15% under control and 14% under salinity in 2009
(Table 2). The heritability of the phenological traits was the highest
and salinity did not bring any consistent change (Table 2). The her-
itability of shoot biomass, yield, stover weight and panicle weights
showed moderate heritability in 2008 but these values were high
in 2009. The heritability of harvest index and the panicle harvest
index were high both in 2008 and 2009 (Table 2).

Table 2

3.3. Association of salt tolerance with other yield components

The association between the shoot biomass productivity under
control and the grain yield loss due to salinity was close and positive
in finger millet germplasm (Fig. 2). This indicated that higher is the
shoot biomass under control, greater is the grain yield loss under
salinity. The proportion of yield reduction under salinity compared
to non-saline control can be a good measure of salinity tolerance.
But in this study the grain yield of accessions under salinity was
closely and positively related to their yield under non-saline control
(Fig. 3) indicating that a preliminary assessment of salt tolerance
can be possible through their yield potential in any region.

3.4. Salinity response groups

A pooled analysis using the common 68 genotypes in both
the years showed significant accessions x year effect for all the
traits except for the panicle harvest index (data not shown). These

Mean days to panicle emergence, maturity, total shoot biomass (gpot~!), stover (stem +leaf) biomass (gpot~'), panicle biomass (gpot~'), grain yield (gpot~!), harvest
index (%) and panicle harvest index (%) for the finger millet germplasm in the 2008 and 2009 rainy seasons under salinity stressed and control conditions, ICRISAT Center,

Patancheru, India.

Season/traits Salinity stressed Control
Trial  Range of S.Ed  04%(SE) Heritability ~ Trial ~ Range of S.Ed og? (SE) Heritability
mean  predicted (h?) mean  predicted (h?)
means means

2008 (n=100)
Days to panicle appearance ~ 84.3  57.9-1138  3.57 81.1(12.53)  0.921 734  50.8-1041  3.96 91.1(14.20) 0914
Days to maturity 110.5 82.5-144.7 441 119.6 (18.53) 0.919 99.5 73.3-136.8 4.91 119.2 (18.89) 0.799
Shoot biomass (g pot~') 1819 131.3-209.1 17.31 343.1(90.6) 0.721 193.7 140.6-276.4 31.76 1054(303) 0.687
Stover biomass (g pot~1) 130.2 65.9-170.0 15.90 451.8 (90.7) 0.501 130.3 72.4-207.0 24.87 987(209) 0.460
Panicle biomass (g pot-1) 517  36.5-67.2 7.96 63.6(19.1)  0.563 634  492-850 117 126.5 (41.9) 0.522
Grain yield (gpot~1) 38.7 21.0-554 7.77 71.8(18.4) 0.579 50.5 30.8-69.5 10.5 120.5(33.2) 0.542
Harvest index (%) 21.7 8.8-39.0 428 37.65(7.17) 0.757 264 9.8-43.7 3.49 443 (7.32) 0.863
Panicle harvest index (%) 72.9 34.8-84.0 7.67 108.9 (21.6) 0.731 78.8 46.9-87.0 3.87 32.4(6.07) 0.769

2009 (n=84)
Days to panicle appearance 989  56.7-143.1  3.46  246.8(394) 0973 886  485-1277 281 338.9 (53.2) 0.981
Days to maturity 126.5 80.0-169.1 3.65 320.4(50.8) 0.969 117.0 66.8-161.2 3.28 423.7 (66.6) 0.979
Shoot biomass (g pot~') 2363  148.0-335.7 27.8 1730(369.2) 0.876 3364 216.5-515.8 41.6 6458(1185) 0.880
Stover biomass (g pot~1) 153.1 67.2-241.4 19.07 1256(235.2) 0.895 221.7 91.4-363.3 29.2 4123(722) 0.883
Panicle biomass (g pot-1) 478  39.8-79.2 760  1654(326) 0905 663  653-1122 1038 334(64.0) 0.879
Grain yield (gpot~1) 354 31.7-64.2 6.30 142.0 (26.5) 0.920 48.3 51.5-82.0 8.37 261.5(48.1) 0.896
Harvest index (%) 15.0 14.7-25.7 1.45 24.0 (3.91) 0.949 144 14.9-26.7 1.51 19.2(3.20) 0.939
Panicle harvest index (%) 71.6 72.7-86.6 4.23 203.2(33.0) 0.931 714 68.9-83.9 4.34 106.5 (18.31) 0.901




L. Krishnamurthy et al. / Plant Science 227 (2014) 51-59 55

1.004

2008 2009
0804 vy =704004x -0.50 o
7= 0.45%%* o

y=0.001x - 0.17
2= 0.22%%
0.60
0.40
0.20
0.00-

-0.20

Salinity induced grain yield loss

-0.40 T T T T T T T T 1
100 150 200 250 300 350 400 450 500 550

Total shoot biomass under control (g pot")

Fig. 2. Relationship between the shoot biomass productivity under control and the
grain yield loss due to salinity in finger millet germplasm.

interaction variance components were about one fifth for the grain
yield and half of the genotypic variance for shoot biomass. There-
fore the individual accession means of grain yield in each year were
used for selections. The accessions were grouped into representa-
tive groups using the BLUPs of accessions under salinity observed
in two years by a hierarchical cluster analysis using Ward’s method
[24]. For the convenience of splitting these 68 accessions (part of
the minicore) into distinct groups of response a 15% dissimilar-
ity level was chosen which yielded 4 clusters with significantly
different means named as tolerant, moderately tolerant, sensitive
and sensitive and late accessions. Tolerant accessions (n=22) were
consistently high yielding under salinity with a mean grain yield
of 45.5gpot~! in 2008 and 43.1gpot~! in 2009, moderately tol-
erant (n=20) were next in order with a mean grain yield of 36.7
and 38.6 gpot~1, sensitive ones (n=21) with a mean grain yield of
37.1 and 25.2 gpot~! and the sensitive and late ones (n=>5) with a
mean grain yield of 24.6 and 18.6 gpot~! were the least adapted
ones. The accession IE 4797 produced the highest shoot biomass
and grain yield with above average harvest index under salinity in
both the years (Table 3).

PCoA was performed to further assess the grouping of accessions
done on the basis cluster analysis. PC1 and PC 2 explained 85.3%
and 14.7% of the variation in grain yield under salinity. Majority of
the salinity tolerant accessions grouped by cluster analysis fell in
the top right coordinate of the biplot and the sensitive ones on the
top left (Fig. 4). The sensitive and late accessions group fell on the
bottom left. Distribution of this PCoA indices also confirmed the
clustering results.

3.5. Root anatomy

The transverse section of the root of finger millet that was
extracted at about 0.3m soil depth from a normal (nonsaline)
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Fig. 3. Relationship of the grain yields under non-saline control with saline ones of
100 accessions in 2008 and 84 accessions in 2009.
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Fig. 4. Biplot of principal coordinate indices of fingermillet minicore collection
accessions calculated using the BLUPs of accessions under salinity observed in
two years based on distance estimates. The accessions of various response groups
assessed by the clustering approach (listed in Table 3) are marked differently by
symbols.

Alfisol field showed two major variations in comparison to another
dryland cereal, the pearl millet (Fig. 5). The cortex of the finger mil-
let contained about two layers of collenchyma in the hypodermis
below the epidermis followed by single layer of large aerenchy-
matous cells interspersed radially with small parenchymatous cell.
All these cells had thin cell walls. In comparison, pearl millet had
well suberized epidermis followed by three layers of small scle-
renchymatous cortex followed by about 8-9 layers of thin walled
parenchyma. In brief, pearl millet cortex possessed layers of cells
that provided mechanical strength. The cortex of finger millet was
collapsible. The stele offered a major variation. The stele of the fin-
ger millet also presented large differences from that of the pearl
millet. The endodermis cells were relatively small, tightly packed,
individual cells rectangular in shape on the outside and oval in the
inside. The endodermis is followed by two definite well defined
thick walled layers of pericycle. The xylem vessels were large and
relatively several in finger millet. Every individual xylem vessel was
surrounded by a clear layer of highly suberized companion cells.
Also large number of companion cells could be noticed in between
the xylem vessels with high level of suberization.

4. Discussion

The aim of this study was to screen the minicore collection of
finger millet germplasm under salinity stress and use the resultant
contrasting accessions as donors for further genetic improvement.
Therefore the level of salinity used in this study was realistic and
moderate. Though there have been reports on the salinity response
of finger millets, most of them concentrated on seedling response
[16,30] or on genetics of this response. None of these work studied
the crop response in terms of total shoot or grain biomass at matu-
rity. For some of the cereals like sorghum the salt concentration
chosen for screening is saturation with 100 mM Nacl that resulted
in a soil ECe of 10-11dSm~! [31-34]. Saturating the Alfisol once
with 100 mM NaCl resulted in an ECe of 11.2+0.28dSm™! in this
study. Recent works [35] also confirmed that this level of salin-
ity (saturating with 100 mM salt solution) is appropriate for good
genetic discrimination. The overall loss observed was the highest
in the 2009 experiment when the screening was done by saturating
with 125 mM salt solution. In that year, the overall loss was 30% in
shoot biomass and 27% in grain yield and this biomass reduction
was closely similar to the loss reported in foxtail millet [35].
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Table 3

Days to panicle appearance and maturity, total shoot biomass (gpot~') and grain yield (gpot~!) of the tolerant and sensitive cluster group accessions of finger millet
germplasm out of 68 common minicore accessions tested in the 2008 and 2009 rainy season, ICRISAT Center, Patancheru, India.

S. No. Accessions Days to panicle appearance Days to maturity Shoot biomass (g pot~1) Grain yield
2008 2009 2008 2009 2008 2009 2008 2009
Tolerant
1 IE518 78 87 101 113 185.4 2533 43.8 48.7
2 IE 2034 94 108 119 142 200.6 335.7 44.0 53.0
3 IE 2217 76 86 929 116 177.3 246.5 47.4 42.6
4 IE 2790 93 101 125 129 184.9 2771 419 50.8
5 IE 2872 93 95 122 119 192.2 263.8 439 51.0
6 IE 3045 86 103 110 127 196.2 225.7 441 343
7 IE 3077 79 93 101 116 179.9 280.7 43.6 45.3
8 IE 3391 83 108 112 139 182.6 234.5 46.1 309
9 IE 3470 79 86 101 109 178.6 245.9 432 46.3
10 IE 3973 83 95 111 123 191.2 2353 42.6 39.1
11 IE 4073 87 106 116 140 189.4 235.6 47.3 37.8
12 IE 4329 83 93 114 118 1779 215.6 441 40.9
13 IE 4671 70 106 94 138 161.0 244.0 48.2 38.0
14 IE 4673 (C) 64 116 90 147 160.4 291.2 48.8 47.4
15 IE 4757 76 62 100 85 176.2 171.8 46.9 39.1
16 IE 4789 84 86 108 114 184.5 255.0 43.1 53.5
17 IE 4795 81 90 106 118 190.8 2441 43.1 36.0
18 IE 4797 82 98 106 122 197.3 302.5 55.4 56.2
19 IE 5066 79 97 108 124 195.6 243.2 49.2 395
20 IE 6154 88 104 112 133 178.9 2443 45.0 41.2
21 IE 6165 82 98 105 121 178.8 228.6 44.7 36.0
22 IE 6326 83 93 107 119 177.7 2334 433 40.0
Group mean 82 96 108 123 183.5 250.3 45.5 431
Sensitive
1 IE 2312 90 110 118 142 197.8 2594 40.3 273
2 IE 2430 83 98 108 128 151.9 219.0 343 27.8
3 IE 2437 88 103 116 135 172.5 198.8 32.7 259
4 IE 2457 93 103 118 129 192.9 220.5 343 26.7
5 IE 2589 88 106 114 133 182.4 233.8 37.2 291
6 IE 2619 92 127 118 154 202.2 310.6 37.0 27.0
7 IE 2821 78 89 105 114 169.3 220.1 34.6 29.6
8 IE 2957 58 119 82 146 131.3 257.8 399 19.5
9 IE 3392 82 98 110 127 184.6 2238 39.8 30.5
10 IE 3721 86 108 114 137 188.8 237.7 36.1 31.1
11 IE 3945 81 100 104 128 209.1 229.2 39.5 28.6
12 IE 3952 91 108 118 141 206.7 251.6 33.9 245
13 IE 4028 75 99 101 122 172.8 2221 393 279
14 IE 4545 84 102 109 129 197.0 207.7 39.5 26.2
15 IE 4734 60 55 88 73 132.6 149.5 41.3 7.7
16 IE 4816 94 124 121 153 199.8 205.7 383 16.6
17 IE 5201 78 111 107 143 191.5 256.8 37.5 253
18 IE 6082 69 86 96 111 152.0 161.6 36.4 19.5
19 IE 6337 81 96 110 125 169.9 200.9 345 28.5
20 IE 6350 90 105 117 139 1779 188.6 33.1 233
21 IE 6473 87 101 113 132 196.2 218.6 39.0 25.7
Group mean 82 102 109 131 180.0 222.6 371 25.2
Sensitive and late maturing
1 IE 2710 99 130 140 160 179.0 237.8 271 20.0
2 IE 2871 102 121 129 153 171.0 263.2 26.6 273
3 IE 5106 95 103 123 132 190.8 235.7 26.9 33.6
4 IE 2572 106 143 137 167 191.0 2534 215 6.8
5 IE 6537 114 136 145 169 169.8 216.9 21.0 5.5
Group mean 103 127 135 156 180.3 2414 24.6 18.6

(C)=Checks used in this study.

However, the most useful observation was the presence of a
large range of variation among accessions for yield loss due to salin-
ity. This varied from —20 to 32% in 2008 and —24 to 52% in 2009
for shoot biomass and —10 to 50% in 2008 and —29 to 78% in 2009
for the grain yield providing good perspectives for selection. The
accessions that were consistently greater in tolerance and ranged
from marginal gain to only a 10% loss in grain yield were IE-4073,
-4797, -5870, -6326 and IE 6154 and accessions that lost >40% in
both the years were IE-2572, -2710 and IE 4545. In the first sea-
son with 100 mM saline saturation, the biomass lost was minimal
but the grain yield was affected through a reduced partitioning to
grains making this crop species as one of the potential choice for

salt-affected areas. Generally, the prolific shoot biomass producing
accessions under non-saline environments were the more sensitive
to salinity or lost more yield under salinity. This has indicated thata
greater reproductive success under control can be an indirect trait
in selecting for good performance under salinity. Also grain yield
under non-saline control explained about 50% of the variation in
saline grain yields in 2009 when the range of saline grain yields
were largest. This observation would also help in narrowing down
the size of the screening material on the basis of their grain yield
potential in any region.

Some clear morphological differences that were noticed under
salinity were dark green canopy, drooping leaves and delayed
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Fig. 5. Photomicrographs of transverse freehand root sections of finger millet [A (x100) and B (a portion of the stele enlarged, not to scale)] and pearl millet [C (x100) and
D (a portion of the stele enlarged, not to scale)] stained with 50% toluidine blue. Roots were extracted from 0.3 m soil depth in an Alfisol. EP = Epidermis, END = Endodermis,
RH =Root hair, PR=Proto xylem, PH = Phloem, P =Pith, MX = Meta xylem, TR =Tracheid, COR-PAR = Cortical parenchyma, COR-SC = Cortical sclerenchyma, COR-AR = Cortical

aerenchyma, PER = Pericycle.

senescence compared to the pale green and largely erect leaves
under control (Fig. 1). The permanent drooping can be explained
by less turgid and water deficient leaves. However, the intense
green color and the delayed senescence of the leaves were indica-
tive of a better N status in the leaves. Impaired nitrogen uptake
was one of the primary consequences of salinity. Under salinity,
better growing or salinity-tolerant genotypes were found to con-
tain poor shoot N concentrations than the poor growing genotypes
of the dryland cereals such as sorghum and pearl millet [14,15].
This was explained as a consequence of tissue N dilution (from 0.9%
to 0.5% in sorghum and from 1.3 to 0.3% in pearl millet) that was
needed to promote plant growth when N uptake was impaired in
salt-affected soils. Salt-affected plants tend to reduce water uptake
and result in lowered transpiration and stomatal conductance. This
isexpected to reduce the N uptake. Finger millet in general seems to
have mechanisms to overcome this hurdle and to ensure N uptake
that needs detailed further studies.

The presence of salt in the soil is known to affect the plant
growth in two ways, namely osmotic tolerance or ionic tolerance
or both [10]. In cereals, the reduction in total leaf area of the plant
is achieved through reductions in tillers and the size of individual
leaves. This modification was to achieve a reduced leaf area devel-
opment relative to root growth and as a consequence reduce the
water use by plants. Subsequent measures of ionic tolerance are
through either exclusion Na* and Cl~ ions or compartmentaliza-
tion of the Na* and Cl~. In this study, the loss in shoot biomass or
grain yield of finger millet due to salinity was about 30%. A constant
wilted appearance of the crop under salinity, generalized across
genotypes, was indicative of the osmotic stress the plants were

subjected to but dark green leaves, the absence of the characteristic
early senescence of the old leaves as a symptom of accumulation of
toxic Na* ions were indicative of a largely successful Na* and Cl~ ion
exclusion or compartmentalization [ 10]. This crop species seems to
possess some important salt-tolerant genes [30] and further work
is needed to confirm the mechanism of its salt tolerance.

The seedling stage seems to be the most sensitive stage of crop
ontology at which the plants tend to lodge and never recover. At this
stage the formation of secondary roots seem to be delayed as a con-
sequence of avoidance of the stressful environment. The more the
plants delay such nodal root development the more plant mortality
is experienced leading to a characteristic patchy crop. The relative
salt tolerance as grain yield and shoot biomass only comes after
successful plant establishment. Therefore it is necessary to look for
accessions that reduce the lag phase of nodal roots as well agro-
nomic options that would help normal nodal root development.

Three major differences were seen in the anatomy of roots of fin-
ger millet compared with pearl millet; a crop species also known
to be tolerant to salinity and drought [36]. Extensive increase in
the root porosity with the presence of large aerenchymatous cells
in the hypodermal cortex is an indication of requirements for
greater levels of aerobic respiration. Presence of aerenchyma in
the roots increase the longitudinal oxygen flow from the above
ground part to the root [37] and also decrease the metabolic cost
and cell respiration [38]. Besides, these are responsible for the ven-
tilation (root-atmosphere) of excess gas such as ethylene, methane,
and carbon dioxide which can have growth retarding effect at
higher concentrations. As these roots in the current study were
harvested from well-drained Alfisol, this aerenchyma presence can
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be considered as a constitutive trait of this crop. Under salinity
stress, when the energy demand for many altered plant functions
is expected to increase, a greater elaboration these aerenchyma-
tous cells can be expected. The presence of a mechanism for high
energy turnover can only be explained for active discrimination in
ion uptake and in overcoming resistances to water and minerals
uptake. The additional resistances to the Na* uptake are the well
equipped endodermis, double-layered pericycle and a xylem vessel
uniformly surrounded by companion cells. These additional fortifi-
cations explain the slow and delayed senescence, low requirement
for N remobilization from basal leaves and the presence of dark
green leaves in plants under saline soils. These tolerance symp-
toms are possible by Na-exclusion and enhanced N absorption. The
formation of aerenchyma under waterlogged conditions was also
reported for other crops, such as soybean [39], wheat, barley, and
oat [40]. An intensive production of aerenchyma was observed in
maize cultivars, such as cv. Seneca Horizon [41]. Finger millet is
claimed to be capable of performing better under adverse soil and
weather conditions compared to other crops [42].

5. Conclusion

This study has shown that finger millet minicore collection is
a good resource for identifying sources of salinity tolerance. The
overall reduction caused by salinity in shoot biomass or grain yield
varied from minimal to moderate. The finger millet minicore col-
lection had exhibited the existence of a wide genotypic variation
for salinity response. Salinity reduced the grain yield through the
reductions both in the shoot biomass and the harvest index. Groups
of accessions with variation in salinity tolerance have been iden-
tified which may be used in cultivar development. A well fortified
endodermis and pericycle and a well-protected individual xylem
vessels in the roots suggested potential for an effective ionic exclu-
sion in finger millet.
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