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Abstract

Aluminium (Al) stress was imposed on 285 lentil genotypes at seedling stage under hydro-
ponics to study its effects on morpho-physiological traits where resistant cultigens and wilds
showed minimum reduction in root and shoot length and maximum root re-growth (RRG)
after staining. Molecular assortment based on 46 simple sequence repeat (SSR) markers
clustered the genotypes into 11 groups, where wilds were separated from the cultigens.
Genetic diversity and polymorphism information content (PIC) varied between 0.148-0.775
and 0.140-0.739, respectively. Breeding lines which were found to be most resistant (L-
79083, L-4602); sensitive cultivars (BM-4, L-4147) and wilds ILWL-185 (resistant), ILWL-436
(sensitive) were grouped into different clusters. These genotypes were also separated on
the basis of population structure and Jaccard’s similarity index and analysed to study Al
resistance mechanism through determination of different attributes like localization of Al
and callose, lipid peroxidation, secretion of organic acids and production of antioxidant
enzymes. In contrast to sensitive genotypes, in resistant ones most of the Al was localized
in the epidermal cells, where its movement to apoplastic region was restricted due to
release of citrate and malate. Under acidic field conditions, resistant genotypes produced
maximum seed yield/plant as compared to sensitive genotypes at two different locations i.e.
Imphal, Manipur, India and Basar, Arunanchal Pradesh, India during 2012-13, 2013-14
and 2014-15. These findings suggest that Al stress adaptation in lentil is through exclusion
mechanism and hybridization between the contrasting genotypes from distinct clusters can
help in development of resistant varieties.
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Introduction

Globally, lentil is cultivated on 4.5 million ha with a production of 4.9 million tons [1]. The
major lentil-growing countries include India, Canada, Turkey, Syria, Australia, Nepal and
United States. These countries have large acreage under acidic soils with a problem of alumin-
ium (Al) toxicity [2]. Al toxicity affects 40-70% of the world arable lands that causes 25-80%
yield losses in crops grown on soils containing excessive Al [3, 4]. In soils, Al is found in the
form of insoluble alumina-silicates or oxides. When pH of the soil drops below 5.0, Al is solubi-
lised in the form of phytotoxic Al’* ions which becomes toxic for many crops. Among various
Al toxicity symptoms, the first visible symptom is rapid inhibition of root growth which can
occur within hours or even minutes of exposure to AP* [5]. This trait has been used as a bio-
marker to estimate Al sensitivity in crop plants. Although, Al toxicity can be reduced through
application of lime which raises the soil pH, however, this amendment does not bring perma-
nent remedy to sub-soil acidity. Further, liming may not always be practical and is not a cost
effective method. Alternatively, the most appropriate strategy to overcome Al toxicity is to
grow resistant varieties. In order to explore sources of resistance, it is necessary to screen a
large number of genotypes by using reliable and effective screening techniques. Two most reli-
able screening parameters are root re-growth (RRG) after staining and callose accumulation in
roots under hydroponic assay [2, 6, 7]. This assay has unconditional advantages over field
screening, as Al concentration in soil may not always be uniform and other environmental fac-
tors may interact with soil Al to mask the expression of Al resistance [8]. However, screening
for Al resistance under hydroponics in combination with field evaluation for Al resistance
would be the best approach for characterization of whole plant resistance in terms of seed yield
and its contributing traits.

Molecular diversity is the key pillar of diversity within species, between species and of eco-
systems [9]. This diversity can be exploited for development of varieties resistant to different
abiotic stresses through molecular breeding. Molecular analysis of genotypes and physiological
mechanism for Al resistance has been studied in many legumes like common bean, chickpea
etc. [10, 11], but to our knowledge no such study has been done in case of Lens species so far.
SSRs are reliable marker system for molecular studies with attributes like robustness, high level
of polymorphism, high reproducibility, co-dominance etc. These markers have been used in
lentil to study diversity in relation to many abiotic stresses like drought, heat etc. and can be
successfully utilized for diversity analysis for Al resistance as well [12, 13].

Callose induction in roots has been identified as a reliable physiological trait for detection of
Al toxicity and is believed to mediate by AI’* stress even under short-term exposure to Al [6, 7,
14]. Also, production of reactive oxygen species (ROS) has been reported under Al stress envi-
ronments [15]. ROS accumulation in cells leads to lipid peroxidation and membrane damage
and affects various cellular activities [16]. To counter oxidative damage caused by ROS produc-
tion, plants have developed various enzymatic and non-enzymatic antioxidant systems [17].
Increased antioxidative enzyme activities facilitate the removal of excessive ROS and check
lipid peroxidation [18, 19]. Main enzymes involved in the homeostatic control of ROS in plant
systems are superoxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC 1.11.1.6), ascorbate
peroxidase (APX; EC 1.11.1.11) and guaiacol peroxidase (GPX; EC 1.11.1.7) [17]. These enzy-
matic systems have been used as indicators of resistance to Al in some crop plants [17]. The
potential mechanisms conferring resistance to AI’* can be broadly divided into those that
exclude AI** from the root symplast (exclusion mechanisms) and those that enable plants to

cope with AI** safely, once it enters the symplast (tolerance mechanism) [20]. The mechanisms
conferring resistance to Al toxicity have been focussed in many crop plants [5, 21, 22, 23], but

no such study has been reported in lentil so far. Therefore, the present investigation was
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planned to: (i) evaluate aluminjum resistance among genotypes based on morpho-physiologi-
cal traits ii) assort lentil genotypes with different adaptations to aluminium stress conditions
for their genetic variation using SSRs and iii) reveal component mechanisms for Al resistance
in lentil.

Materials and Methods
Plant materials

Two hundred eighty five genotypes representing all the subspecies of the genus Lens; cultivated
Lens culinaris Medikus ssp. culinaris including breeding lines, landraces, germplasm collections
and cultivars along with the wild species viz. L. culinaris ssp. orientalis (Boiss.) Ponert, L. culi-
naris ssp. odemensis (Ladiz), L. nigricans M. B. Godyr. ssp. nigricans Godr., L. nigricans ssp.
ervoides (Brign.) Ladiz., L. lamottei Czefr. originating from 22 different locations (origin of 5
genotypes unknown) viz. ICARDA (132), India (66), Turkey (26), Syria (24), Israel (4), Bangla-
desh, Italy, Jordan and Spain (3 each); Argentina, France, Lebanon and Slovenia (2 each); Azer-
baijan, Croatia, Ethiopia, Mexico, Nepal, Palestine, Tajikistan and Uzbekistan (1 each) were
used for evaluation of Al resistance (Table 1).

Experimental details

The hydroponic experiments were carried out at National Phytotron facility, Indian Agricul-
tural Research Institute, New Delhi, India. The air temperature in the National Phytotron facil-
ity was 23/ 18°C, (£2°C) day/night, and the relative air humidity was approximately 45%. The
field experiments were conducted during 2012-13, 2013-14 and 2014-15 growing seasons at
Imphal, Manipur, India and Basar, Arunanchal Pradesh, India as these areas are highly affected
by Al toxicity in India. The average rainfall (mm) at the two locations in the three consecutive
years were 59.0, 28.2, 34.6; 58.9, 60.7 and 52.4, respectively.

Evaluation of genotypes under hydroponic assay

Growth response method. Seeds of 285 genotypes were disinfected and germinated on
template stand for hydroponic assay. The seedlings of almost similar length were placed in a
plastic container in low-ionic hydroponic medium [KNO; (0.5 mM), Ca(NO3),.4H,0 (0.5
mM), MgSO,.7H,0 (0.2 mM), KH,PO, (0.1 mM), KCl (50 uM), H;BO; (46 uM), Fe-EDTA
(20 uM), MnCl,.4H,0 (2 uM), ZnSO,.7H,0 (1 uM), CuSO4.5H,0 (0.3 pM) and
NaMo0O,4.2H,0 (0.5 uM)] [24]. The pH of nutrient solution was maintained at 4.5 for both
74 uM and 148 uM Al concentrations using 1 M HCl or 1 M KOH. The solutions were replaced
daily to minimize changes in Al concentrations and pH. After one week, the lengths of root
and shoot of each seedling was measured. The seedlings were evaluated in a completely ran-
domized design with three replications.

Root re-growth (RRG) after haematoxylin staining method. Aluminium resistance for
285 genotypes was evaluated in a nutrient solution by testing -RRG after haematoxylin staining
of root apices following the protocol of Polle et al. with partial modifications [25]. Seeds were
disinfected with 0.1% HgCl, for 2-3 min, rinsed thoroughly with distilled water, then trans-
ferred to filter paper and placed in the growth chamber for germination. After 6 days, seedlings
were transferred to plastic containers containing nutrient solution (4.0 mM CaCl,, 6.5 mM
KNO;, 2.5 mM MgCl,, 0.1 mM (NH,),SO,, 0.4 mM NH,NO3). Seedlings were kept in above
nutrient solution for 2 days under continuous light and aeration. The seedlings were then
grown for 24 h on the fresh nutrient solution containing 74 and 148 uM Al concentrations.
The roots of seedlings were then placed in aerated distilled water, washed for 30 min to remove
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Table 1. Genotypes with different origins, type and sensitivity to Al stress (AR).

S. No. Genotype Origin Type AR S.No. Genotype Origin Type AR
1 121-12 India GC MR 144 ILL-590 Turkey GC MR
2 1220-11 India BL MR 145 ILL-6002 ICARDA GC R

3 210-11 India BL MR 146 ILL-7349 Nepal GC MR
4 330-12 India GC MR 147 ILL-76037 ICARDA GC MR
5 BM-4 Bangladesh Cult. S 148 ILL-7978 ICARDA GC MR
6 DPL-62 India Cult. MR 149 ILL-7979 ICARDA GC MR
7 E-153 India GC MR 150 ILL-7982 ICARDA GC MR
8 FLIP-96-51 ICARDA GC MR 151 ILL-8006 Bangladesh GC MR
9 I1G-109039 ICARDA GC S 152 ILL-8108 Argentina GC MR
10 IG-111991 ICARDA LR MR 153 ILL-8329 ICARDA GC MR
11 1G-111996 ICARDA LR MR 154 ILL-91887 ICARDA GC MR
12 1G-112078 ICARDA LR MR 155 ILL-9841 ICARDA GC MR
13 1G-11210 ICARDA LR MR 156 ILL-9900 ICARDA GC MR
14 IG-112128 ICARDA LR S 157 ILL-9916 ICARDA GC MR
15 1G-112131 ICARDA LR MR 158 ILL-9941 ICARDA GC MR
16 1G-112137 ICARDA LR MR 159 ILL-9960 ICARDA GC MR
17 IG-116551 ICARDA LR MR 160 ILWL-06 Turkey Wild MR
18 IG-129185 ICARDA LR MR 161 ILWL-09 Syria Wild MR
19 IG-129214 ICARDA LR MR 162 ILWL-10 - Wild MR
20 1G-129287 ICARDA LR MR 163 ILWL-100 Turkey Wild MR
21 1G-129291 ICARDA LR MR 164 ILWL-104 Turkey Wild MR
22 1G-129293 ICARDA LR MR 165 ILWL-125 Syria Wild S

23 1G-129302 ICARDA LR S 166 ILWL-128 Syria Wild MR
24 1G-129309 ICARDA LR MR 167 ILWL-13 Italy Wild MR
25 1G-129313 ICARDA LR MR 168 ILWL-133 Syria Wild MR
26 1G-129315 ICARDA LR MR 169 ILWL-137 Syria Wild MR
27 1G-129317 ICARDA LR MR 170 ILWL-142 Syria Wild MR
28 1G-129319 ICARDA LR R 171 ILWL-15 France Wild MR
29 1G-129372 ICARDA LR MR 172 ILWL-165 Syria Wild MR
30 IG-129560 ICARDA LR MR 173 ILWL-184 Syria Wild MR
31 I1G-12970 ICARDA LR MR 174 ILWL-185 Syria Wild R

32 IG-130033 ICARDA LR MR 175 ILWL-192 Syria Wild MR
33 IG-130219 ICARDA LR S 176 ILWL-20 Palestine Wild MR
34 1G-130272 ICARDA LR MR 177 ILWL-203 Turkey Wild MR
35 1G-134342 ICARDA LR MR 178 ILWL-221 Turkey Wild MR
36 1G-134347 ICARDA LR MR 179 ILWL-227 Syria Wild S

37 1G-134356 ICARDA LR MR 180 ILWL-23 Italy Wild MR
38 1G-135424 - Wild MR 181 ILWL-237 Syria Wild MR
39 1G-135428 - Wild MR 182 ILWL-238 Syria Wild MR
40 1G-136607 ICARDA LR MR 183 ILWL-253 Syria Wild MR
41 1G-136608 - Wild MR 184 ILWL-269 Turkey Wild MR
42 IG-136612 Turkey Wild MR 185 ILWL-29 Spain Wild R

43 IG-136614 Italy Wild MR 186 ILWL-292 Turkey Wild MR
44 IG-136618 Croatia Wild MR 187 ILWL-3 Turkey Wild R

45 1G-136620 Slovenia Wild S 188 ILWL-314 Turkey Wild MR
46 1G-136626 Israel Wild MR 189 ILWL-320 Turkey Wild MR
47 1G-136637 France Wild MR 190 ILWL-321 Turkey Wild MR
48 1G-136652 Israel Wild MR 191 ILWL-334 Jordan Wild MR

(Continued)
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Table 1. (Continued)

S. No. Genotype Origin Type AR S.No. Genotype Origin Type AR
49 1G-136653 Israel Wild MR 192 ILWL-377 Tajiskistan Wild MR
50 1G-136673 Turkey Wild MR 193 ILWL-340 Jordan Wild R

51 1G-136788 Syria Wild MR 194 ILWL-35 Turkey Wild MR
52 1G-140910 Azerbaijan Wild MR 195 ILWL-350 Syria Wild MR
53 IG-149 ICARDA LR MR 196 ILWL-357 Syria Wild MR
54 IG-129304 ICARDA LR MR 197 ILWL-361 Syria Wild MR
55 1G-49 ICARDA LR MR 198 ILWL-362 Syria Wild MR
56 IG-5320 ICARDA LR S 199 ILWL-366 Syria Wild MR
57 1G-69540 ICARDA LR MR 200 ILWL-370 Syria Wild MR
58 1G-69549 ICARDA LR MR 201 ILWL-398(A) Lebanon Wild S

59 IG-70174 ICARDA LR MR 202 ILWL-401 Lebanon Wild MR
60 1G-70230 ICARDA LR MR 203 ILWL-415 Syria Wild S

61 1G-71352 ICARDA LR MR 204 ILWL-418 Syria Wild MR
62 1G-71630 ICARDA LR MR 205 ILWL-428 Spain Wild MR
63 1G-71646 ICARDA LR MR 206 ILWL-430 Spain Wild MR
64 1G-71685 ICARDA LR MR 207 ILWL-436 Turkey Wild S

65 IG-71710 ICARDA LR MR 208 ILWL-437 Turkey Wild MR
66 IG-73717 ICARDA LR MR 209 ILWL-438 Turkey Wild MR
67 IG-73798 ICARDA LR MR 210 ILWL-44 Slovenia Wild S

68 1G-73802 ICARDA LR MR 211 ILWL-447 Turkey Wild MR
69 1G-73816 ICARDA LR MR 212 ILWL-462 Turkey Wild MR
70 1G-73945 ICARDA LR MR 213 ILWL-464 Syria Wild MR
71 1G-75920 ICARDA LR MR 214 ILWL-472 - Wild MR
72 1G-9 ICARDA LR S 215 ILWL-55(2) Israel Wild MR
73 1G-936 ICARDA LR S 216 ILWL-58 Turkey Wild MR
74 ILL-10030 ICARDA GC MR 217 ILWL-60 Turkey Wild MR
75 ILL-10031 ICARDA GC MR 218 ILWL-69 Uzbekistan Wild MR
76 ILL-10032 ICARDA GC MR 219 ILWL-83 Turkey Wild MR
77 ILL-10034 ICARDA GC MR 220 ILWL-95 Turkey Wild MR
78 ILL-10040 ICARDA GC MR 221 IPL-406 India Cult. MR
79 ILL-10041 ICARDA GC MR 222 JL-3 India Cult. MR
80 ILL-10043 ICARDA GC MR 223 L-404 India BL MR
81 ILL-10056 ICARDA GC MR 224 L-4076 India Cult. MR
82 ILL-10061 ICARDA GC MR 225 L-4078 India BL MR
83 ILL-10062 ICARDA GC MR 226 L-4147 India Cult. S

84 ILL-10063 ICARDA GC MR 227 L-4578 India BL MR
85 ILL-10074 ICARDA GC MR 228 L-4590 India Cult. S

86 ILL-10075 ICARDA GC MR 229 L-4594 India Cult. MR
87 ILL-10082 ICARDA GC MR 230 L-4602 India BL R

88 ILL-10133 ICARDA GC MR 231 L-4603 India BL MR
89 ILL-10234 ICARDA GC MR 232 L-4605 India BL MR
90 ILL-10266 ICARDA GC MR 233 L-4618 India BL MR
91 ILL-10270 ICARDA GC MR 234 L-4619 India BL MR
92 ILL-1046 ICARDA GC MR 235 L-4620 India BL MR
93 ILL-10756 ICARDA GC MR 236 L-4650 India BL MR
94 ILL-10794 ICARDA GC R 237 L-4701 India BL MR
95 ILL-10795 ICARDA GC MR 238 L-5253 India BL MR
96 ILL-10804 ICARDA GC MR 239 L-7752 India BL MR

(Continued)
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Table 1. (Continued)

S. No. Genotype Origin Type AR S.No. Genotype Origin Type AR
97 ILL-10805 ICARDA GC MR 240 L-7818 India BL MR
98 ILL-10806 ICARDA GC MR 241 L-7903 India BL R
99 ILL-10807 ICARDA GC MR 242 L-7905 India BL MR
100 ILL-10809 ICARDA GC MR 243 L-7920 India BL MR
101 ILL-10810 ICARDA GC MR 244 LC-270-804 India BL MR
102 ILL-10811 ICARDA GC MR 245 LC-282-1077 India BL MR
103 ILL-10812 ICARDA GC MR 246 LC-282-1110 India BL MR
104 ILL-10817 ICARDA GC MR 247 LC-282-1444 India BL MR
105 ILL-10818 ICARDA GC MR 248 LC-282-896 India BL MR
106 ILL-10819 ICARDA GC MR 249 LC-284-116 India BL R
107 ILL-10820 ICARDA GC MR 250 LC-284-1209 India BL MR
108 ILL-10823 ICARDA GC MR 251 LC-285-1344 India BL MR
109 ILL-10826 ICARDA GC MR 252 LC-289-1444 India BL MR
110 ILL-10827 ICARDA GC MR 253 LC-289-1447 India BL MR
111 ILL-10831 ICARDA GC MR 254 LC-292-1485 India BL MR
112 ILL-10834 ICARDA GC MR 255 LC-292-1544 India BL MR
113 ILL-10835 ICARDA GC MR 256 LC-292-997 India BL MR
114 ILL-10836 ICARDA GC MR 257 LC-300-1 India BL MR
115 ILL-10837 Turkey GC MR 258 LC-300-11 India BL MR
116 ILL-10848 Bangladesh GC MR 259 LC-300-12 India BL MR
117 ILL-10857 ICARDA GC MR 260 LC-300-13 India BL MR
118 ILL-10893 ICARDA GC MR 261 LC-300-15 India BL MR
119 ILL-10894 ICARDA GC MR 262 LC-300-16 India BL MR
120 ILL-10897 ICARDA GC MR 263 LC-300-2 India BL MR
121 ILL-10913 ICARDA GC MR 264 LC-300-3 India BL MR
122 ILL-10915 ICARDA GC MR 265 LC-300-4 India BL MR
123 ILL-10917 ICARDA GC MR 266 LC-300-6 India BL S
124 ILL-10921 ICARDA GC MR 267 LC-300-7 India BL MR
125 ILL-10922 ICARDA GC MR 268 LC-300-8 India BL MR
126 ILL-10951 ICARDA GC MR 269 LC-300-9 India BL MR
127 ILL-10953 ICARDA GC MR 270 LC-74-1-51 India BL MR
128 ILL-10960 ICARDA GC S 271 PAL-3 ICARDA GC MR
129 ILL-10961 ICARDA GC MR 272 PDL-1 ICARDA BL R
130 ILL-10963 ICARDA GC MR 273 PDL-2 ICARDA BL MR
131 ILL-10964 ICARDA GC MR 274 PKVL-1 India Cult. MR
132 ILL-10965 ICARDA GC MR 275 PL-1 India Cult. MR
133 ILL-10967 ICARDA GC MR 276 PL-4 India Cult. MR
134 ILL-10969 ICARDA GC MR 277 PL-406 India Cult. MR
135 ILL-10970 ICARDA GC MR 278 PL-5 India Cult. MR
136 ILL-10972 ICARDA GC MR 279 PSL-1 ICARDA GC S
137 ILL-1970 Ethiopia GC MR 280 PSL-7 ICARDA GC R
138 ILL-358 Mexico GC MR 281 PSL-9 India BL MR
139 ILL-3829 ICARDA GC MR 282 SEHORE-74-3 India Cult. MR
140 ILL-4605 Argentina Cult. MR 283 SKL-259 India BL MR
141 ILL-560 Turkey GC MR 284 VL-507 India Cult. MR
142 ILL-5722 ICARDA GC MR 285 WBL-77 India Cult. MR
143 ILL-5883 Jordan GC MR

GC = Germplasm collection, BL = Breeding line, Cult. = Cultivar, LR = Landrace, R = resistant, MR = Moderately resistant, S = Sensitive.

doi:10.1371/journal.pone.0160073.t001
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Al from the root surface and then stained. The staining solution consisted of 2 g/L of haema-
toxylin and 0.02 g/L KIO3, which was prepared in distilled water 24 h before the assay. The
roots of seedlings were immersed in the haematoxylin stain for 15-30 min after which the seed-
lings were transferred through three washes in deionised water for 30 min to remove excess
stain. Each seedling was visually scored on the pattern of staining of the primary root tip as
suggested by Polle et al. [25]. The seedlings were then returned to the nutrient solution without
Al and kept for 48 h. The response of each genotype was determined as re-growth of the pri-
mary root after staining. Genotypes with mean primary RRG <0.5 cm were classified as Al sen-
sitive, while those with mean primary RRG significantly >1.0 cm were considered resistant.
Seedlings showing intermediate RRG (0.50-1.00 cm) were rated as moderately resistant. The
experiment was conducted in a completely randomized design with two replications. Six seed-
lings per replications were evaluated for determination of Al resistance.

Molecular assortment analysis

DNA extraction. Genomic DNA was isolated from the fresh leaf samples of all the 285
genotypes (10 plants per individual) using conventional CTAB method described by Doyle and
Doyle [26]. To check the quantity, it was compared with lambda uncut DNA on 1% ultra high
resolution agarose gel and quality was determined by using spectrophotometer. Standard
working concentration of 50 ng/pl of DNA sample was used.

SSR marker analysis. Molecular diversity analysis was performed using a total of 495 SSR
primers reported by Hamwieh et al., Kaur et al. and Jain et al. [27, 28, 29]. To shortlist the
number of markers, these markers were initially screened between the most resistant (L-7903,
L-4602) and sensitive (BM-4, L-4147) genotypes which were identified in morpho-physiologi-
cal analysis. Seventy three SSR primers which exhibited polymorphism between these contrast-
ing genotypes were then used for analysis of genetic diversity among all the 285 genotypes. The
primers were synthesized by Microgen, South Korea and IDT, USA. Polymerase chain reaction
was performed in 10 pl reaction mixture comprising of 1X PCR buffer, 0.5 U Taq DNA poly-
merase, ] mM dNTP, 0.5 uM of forward and reverse primers each (Microgen, South Korea and
IDT, USA) and 50 ng/ul of genomic DNA in a thermocycler (Agilent Technologies, USA). The
PCR protocol comprised of initial denaturation step of 94°C for 3 min followed by 40 cycles of
94°C for 1 min, annealing at 55°C for 30 sec, elongation at 72°C for 30 sec with final extension
at 72°C for 10 min. The amplified products were resolved on 3% ultra high resolution agarose
gels and documented using Vilber Lourmat Gel Documentation System (Model Bio-print ST4,
France).

Genetic diversity analysis. The genetic profile of 285 lentil genotypes was scored on the
basis of difference in allele size using 46 SSR markers. The major allele frequency, PIC and
genetic distance based clustering was performed with Unweighted Pair Group Method for
Arithmetic average (UPGMA) tree using Power Marker v3.25 software [30] and the dendro-
gram was constructed following bootstrap analysis with 1000 permutations for all the geno-
types using MEGA 4.0 software [31]. The population structure for 285 lentil genotypes
comprising both wilds and cultigens was inferred using Structure 2.3.4 software [32]. The
structure outputs were visualized using Structure Harvester from which Evanno plots were
constructed [33]. An assumed admixed model with independent allele frequency and a uni-
form prior probability of the number of populations, K was used in the Structure. All the runs
were conducted for K = 1 to 15 with 1,00,000 Monte Carlo Markov Chain (MCMC) replicates
after a burn-in of 10,000 replicates. For each value of K, 7 independent runs were done to gen-
erate an estimate of the true number of sub-populations [32]. The relation between genetic
similarity identified by SSR markers and taxonomic distance measured by mean genetic
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distance and RRG after haematoxylin staining were analysed using Jaccard’s Similarity Index
and average taxonomic distance was calculated by NTSYS-pc v2.1 software [34]. Duncan’s
Multiple Range Test (DMRT) (P = 0.05) was used to evaluate differences among clusters for
significance by using SPSS v16.0 software.

Physiological assessment of contrasting genotypes

Contrasting genotypes based on morphological evaluation which included resistant breeding
lines (L-7903, L-4602), wild accession (ILWL-185) and sensitive -cultivars (BM-4, 1L-4147),
sensitive wild accession (ILWL-436) were further evaluated for Al content, callose accumula-
tion, detection of Al accumulation through morin, detection of Hydrogen peroxide (H,0,)
level, determination of lipid peroxidation, antioxidant and organic acid under 0, 74 uM and
148 uM Al treatment.

Determination of Al contents in roots and shoots. For determination of Al content, dry
samples of roots and shoots were ground and dissolved in a di-acid mixture (nitric acid and
perchloric acid) in 3:1 ratio (v/v). Al contents were quantified using Perkin-Elmer Atomic
Absorption Spectrophotometer (Model 5000, Perkin-Elmer, Shelton, CT-USA). Six roots and
shoots from each treatment were analysed for determination of Al contents. The amount of Al
was expressed in mg/g on dry weight basis.

Detection of callose accumulation. Fifteen roots of the seedlings were collected from each
treatment after 48 h exposure to Al stress and were transferred to fixative FAA (10% formalde-
hyde, 5% glacial acetic acid and 10% ethanol) for 1 h and then root tips (first centimetre) were
excised and washed in deionised water. Lowest 1 cm segment of root tips were stained for 10
min in a solution containing 0.1% water soluble aniline blue in 50 mM Glycine-NaOH buffer
at pH 9.5 [35]. After staining, callose production was visualized under fluorescence microscope
(Zeiss, AXIOSKOP 2). Seedlings were then visually scored as suggested by Singh et al. [36].

Detection of aluminium accumulation by morin staining technique. Localization of Al
in roots was visualized by staining with morin dye, which forms highly specific complexes with
Al at low pH. The seedlings were subjected to Al stress for 48 h under conditions of 0, 74 and
148 uM Al in nutrient solution (pH 4.5). The roots of Al stressed and non-stressed plants were
washed in buffer (5 mM NH,OAc, pH 5.0+0.01) for 10 min and stained with 100 uM morin in
the same buffer for 30 min and finally washed with NH,OAc buffer for 10 min [37]. Morin
fluorescence was visualized using fluorescence microscope.

Detection of H,0, level. For detection of H,O, level, fifteen Al treated root tips were col-
lected from each treatment, excised and placed into a solution containing 200 mM CaCl, (pH
4.4) and 10 mM 2’,7’-dichlorofluorescein diacetate (DCF-DA) for 15 min. The DCF-DA fluo-
rescence was then detected under a fluorescence microscope.

Determination of lipid peroxidation. For determination of lipid peroxidation, Thiobar-
bituric acid reactive substances (TBARS) were estimated following the method of Heath and
Packer and expressed in malondialdehyde (MDA) concentration [38]. Fresh root and shoot
samples (0.1 g) were homogenized in liquid nitrogen with 2 ml of 0.1% (w/v) trichloro acetic
acid (TCA) and were centrifuged. The reaction mixtures [0.1 ml supernatant and 40 ml of
thiobutyric acid (0.5% in 20% TCA)] were then heated at 95°C for 30 min and the reactions
were stopped by cooling them in ice bath and were again centrifuged. Supernatants were col-
lected and absorbance was measured at 532 and 600 nm and non-specific absorbance mea-
sured at 600 nm was subtracted to determine MDA content using the extinction coefficient of
155 mM ™" cm™ and was expressed as umol g fresh weight.

Determination of antioxidant enzymes. Six root and shoot samples from each treatment
were collected for determination of antioxidant enzyme activities after 48 h exposure to Al
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stress. SOD, APX, GPX and CAT enzymes were extracted by grinding 1.0 g fresh shoot and
root samples in 10 ml extraction buffer (0.1 M phosphate buffer, pH 7.5, containing 0.5 mM
EDTA in case of SOD, CAT and GPX; 1 mM ascorbic acid for APX). The extract was passed
through four layers of cheese cloth and centrifuged. Thereafter supernatant was collected and
used as enzyme extract. Assay for each enzyme was conducted following the methods outlined
below:

1. CAT activity was determined following the procedure of Aebi [39]. Three milliliter reaction
mixture was prepared using phosphate buffer (50 mM, pH 7.0), 15 mM H,0, and 0.1 ml
enzyme extract. Absorbance was recorded at 240 nm using UV-Visible spectrophotometer
(Specord Bio 200 Analytik Jena, Germany).

2. SOD activity was determined by recording the enzyme induced reduction in absorbance of
formazone made by reaction of p-nitroblue tetrazolium chloride (NBT) and superoxide rad-
icals following the procedure of Dhindsa et al. [40]. Reaction was initiated by adding 2 uM
riboflavin in a reaction mixture containing potassium phosphate buffer (50 mM, pH 7.8),
13.33 mM methionine, 75 pM NBT, 0.1 mM EDTA, 50 mM sodium carbonate and 0.1 ml
enzyme extract. The test tubes containing reaction mixture were exposed to light under 15
W fluorescent lamps for 15 min. A similar set of reaction mixture (without enzyme) was
used as control and a non-irradiated complete reaction mixture served as blank. The absor-
bance was recorded at 560 nm using UV-Visible spectrophotometer (Specord Bio 200 Ana-
lytik Jena, Germany). One unit of SOD activity was expressed as the amount of enzyme that
inhibited 50% NBT photoreduction.

3. APX activity was determined by recording the reduction in ascorbate following the proce-
dure of Nakano and Asada [41]. The reaction mixture containing potassium phosphate
buffer (50 mM, pH 7.0), 0.5 mM ascorbic acid, 0.1 mM EDTA, 0.1 mM H,0, and 0.1 ml
enzyme was used for assay and reaction was started with the addition of hydrogen peroxide.
Absorbance was measured at 290 nm using UV-Visible spectrophotometer (Specord Bio
200 Analytik Jena, Germany).

4. GPX activity was assayed by monitoring the formation of tetraguaiacol from guaiacol at
470 nm in the presence of H,0, [42, 43]. The reaction mixture containing 16 mM guaiacol,
2 mM H,0,, phosphate buffer (50 mM, pH 7) and 20 pl enzyme extract was used for assay.
Absorbance was recorded at 470 nm using UV-Visible spectrophotometer. The unit activity
of all the above enzymes was expressed as g' min™" fresh weight.

Effect of Al concentration and treatment time for determination of organic acid. Root
exudates were collected following the method of Zhao et al. [44] with modifications. Seven
days old seedling (twelve seedlings) with almost similar length were placed into separate
plastic container (1 L volume) and exposed to 0.5 mM CaCl, solution with 0, 74 and 148 uM
Al (AICl;3.6H,0, pH 4.5) to collect the root exudates (15 ml from each container) under
growth chamber. Root exudates were collected at 30 min, 1, 3 and 6 h after the start of Al
treatments. Growth chamber was programmed at 21-17°C day/night temperature and 10 h
day/14 h night cycle; with light intensity maintained at 550 umol m*s™ and percent relative
humidity was 45+2%.

Collected root exudates (15 ml) were passed through a cation-exchange resin column (16
mm - 14 mm) filled with 5 g of Amberlite IR-120 B resin (H+ form) then concentrating it to
1.5 ml with the help of speed vacuum centrifuge (Eppendof, Germany) and purified by using
nitrocellulose syringe filter with mesh of 45 mm (Millipore, USA). Purified extract (100 pL)
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was acidified to approx. 4.0 pH, injected into High performance liquid chromatography
(HPLC) [Agilent Hi-Plex Ligand Exchange Column, Hi-Plex H, 7.7 x 300 mm, 8 um (p/n PL
1170-6830 column), Germany] and run isocratically at 70°C using 5 mM H,SO, as the mobile
phase at a flow rate 0.6 ml min™". The specific organic acids were quantified based on their
refractive index against standards and expressed in nmol h™! g fresh weight.

Evaluation of selected genotypes in acidic conditions

The experiments were carried out at Andro Farm, Central Agricultural University, Imphal,
Manipur, India and Krishi Vigyan Kendra (KVK), Indian Council of Agricultural Research
(ICAR) Research Complex for North Eastern Hill (NEH) region, Basar, Arunachal Pradesh,
India during 2012-13, 2013-14 and 2014-15 growing seasons under acidic conditions. Soil
samples were collected from 0-20 cm soil depth and were analysed for organic carbon [45],
exchangeable Al [46], available N, P [47], K, Ca and Mg [48]. The soil of the experimental fields
at Imphal, Manipur, India and Basar, Arunachal Pradesh, India (1:2::soil:water) had pH 4.8
and 5.1; EC 0.27 dsm™ and 0.31 dsm™, organic content of 0.56% and 0.71%, respectively. The
availability of N, P, K, Ca and Mg (kg/ha) were 259 and 281; 16.8 and 18.5; 119 and 126.4; 522
and 179; 249 and 261 at the two locations, respectively. The exchangeable Al in the soils at
Imphal and Basar, which were extracted with 1 M KCl was 1.28 and 1.17 meq/100 g, respec-
tively. Further, soil cation-exchange capacity for the two locations, Imphal and Basar were 12
and 13 meq/100 g. Therefore, aluminium saturation percentage of soil at Imphal and Basar
were calculated to as 9.15 and 9.0, respectively. Field experiments were conducted in a random-
ized block design with three replications. Each experimental plot had 6 rows of 5 m length with
inter and intra row spacing of 20 cm and 2.5 cm, respectively. The normal package and prac-
tices were followed.

Results
Phenotyping for Al resistance based on morphological traits

The effect of Al toxicity was more prominent on roots as compared to shoots (data not shown).
Highly significant differences were found in the reduction of root and shoot lengths and RRG
after haematoxylin staining. However, there was no significant difference in root colour inten-
sity among genotypes after staining. The resistant cultigens showed 13.20-24.38% reduction in
root length and 6.96-14.48% reduction in shoot length. However, sensitive genotypes showed
41.50-75.10% reduction in root length and 17.53-54.65% reduction in shoot length when
treated with Al stress for 8 d. Reduction in root and shoot lengths in moderately resistant culti-
gens were from 16.17-49.07% and 4.67-42.49%, respectively. Resistant wild accessions showed
12.07-18.09% reduction in root length, 8.45-9.17% reduction in shoot length and sensitive
wild accessions showed 70.54-50.33% reduction in root length and 45.27-27.12% reduction in
shoot length. RRG after haematoxylin staining in resistant cultigens was from 1.20-1.60 cm,
while in sensitive cultigens it ranged from 0-0.47 cm. Moderately resistant cultigens showed
0.43-1.00 RRG. RRG in resistant wild accessions was 0.80-1.87 cm and in sensitive wilds it ran-
ged from 0.37-0.47 cm. Moderately resistant wild accessions showed range of 0.70-0.97 cm
RRG.

Molecular assortment of Lens species

SSR molecular marker analysis. A set of 495 primers were pre-screened in couple of Al
resistant (L-7903 and L-4602) and sensitive (BM-4 and L-4147) genotypes, of which 73 SSR
primers which exhibited polymorphism were selected for genetic diversity analysis among 285
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genotypes (Table 2). Out of 73 SSR markers 46 SSR markers generated polymorphic bands
among the genotypes with comparatively higher PIC. Remaining 27 primers were not used for
further analysis as their PIC values were very low. A total of 193 alleles were identified with an
average of 4.11 alleles per locus. The number of alleles per locus ranged from 2 (PBA_LC_278,
PBA_LC_327,PBA_LC_376, PBA_LC_404, PLC_60, PBA_LC_1308, PBA_LC_1241 and
PLC_88) to 11 (LC_03). The gene diversity and PIC values varied between 0.148-0.775 and
0.140-0.739, with an average of 0.484 and 0.428, respectively. The primer which showed high-
est gene diversity and PIC value was LC_02 while the lowest gene diversity and PIC value was
observed for the primer PBA_LC_949. Heterozygosity in all the genotypes ranged from 0 to
0.575 with a mean value of 0.106 and the highest heterozygosity was observed in primer LC_01
(Table 2). The major allele frequency varied between 0.300 (PBA_LC_333) to 0.921
(PBA_LC_949) with a mean value of 0.637. A representative profile of 48 cultigens (out of 210)
and 48 wilds (out of 75) with SSR marker PLC_100 and PBA_LC_1551, respectively are repre-
sented in S1 and S2 Figs.

Cluster analysis using molecular markers and morphological traits. The genetic rela-
tionships among lentil genotypes are presented in SSR based UPGMA tree (Fig 1). All the
genotypes are grouped into 11 clusters. The genotype ILL-10951 was distinct and not included
into any cluster. Resistant cultigens were mainly grouped into cluster C9 while sensitive ones
fall into C5 and C6 clusters. Clusters 3 to 7 grouped wild accessions, where resistant wild acces-
sions were mainly included into C4 and sensitive wild accessions were grouped into C3. Clus-
ters C10 and C11 consisted of 80 and 85 genotypes, respectively, where C10 grouped the “ILL”
series of genotypes mainly. The mean genetic distance of the clusters ranged from 0.48 to 0.65
with an average of 0.56. Cluster C1 showed highest genetic distance (0.65) followed by C7
(0.64); C2 (0.61); C8 (0.58); C5 (0.56); C4 (0.55); C3, C6 and C9 (0.54); C10 (0.51) and C11
(0.48) (Table 3).

The average reduction per cent of root length, shoot length, RRG after haematoxylin stain-
ing and mean genetic distance under aluminium stress were calculated among the clusters cate-
gorized by SSR markers of all the genotypes. Among the SSR clusters there was wide variation
in values for most of the characters analyzed. Significant (P = 0.05) differences for all the char-
acters were observed among the clusters. These parameters differed significantly for the geno-
types of cluster C4 and C1 as compared to those of other clusters. The lowest reduction of root
and shoot length and maximum RRG were observed in the resistant genotypes of clusters C4
and C1 compared to those of other clusters (Table 3). These differences in the growth parame-
ters and physiological traits may be due to strong aluminium resistance among genotypes of
clusters C4 and C1. The two selected resistant breeding lines i.e. L-7903 and L-4602 fall into C9
and C3 clusters, respectively, while the selected sensitive cultivars namely; BM-4 and L-4147
fall into clusters C6 and C5, respectively. Selected wild resistant accession i.e. ILWL-185 and
sensitive wild accession i.e. ILWL-436 fall into C4 and C6 clusters, respectively. Further, resis-
tant and sensitive genotypes were also separated when correlation between genetic similarity
index and taxonomic distance for RRG after haematoxylin staining was evaluated using Jaccard
similarity index (Fig 2). Highly significant correlation (r = —0.38; P = 0.005) was observed
between the matrices of Jaccard genetic similarity based on SSR and taxonomic distance based
on RRG.

Population Structure analysis. The population structure of the 285 lentil genotypes was
estimated using STRUCTURE v2.3.3 software based on 46 SSR markers. The optimum K value
was determined by using Structure Harvester, where the highest peak was observed at delta
K =3 (S3 Fig). The number of subpopulations (K) was identified based on maximum likelihood
and delta K (dK) values, with accessions falling into three subgroups (Fig 3). Each segment
number corresponds to the genotype in Table 1 and the number in brackets represents the
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Table 2. Allelic variations and PIC values for SSR markers identified in 285 lentil genotypes.

Marker Allele No. Major Allele Frequency Gene Diversity Heterozygosity PIC

PLC-35 4 0.787 0.365 0.150 0.346
PLC-05 4 0.601 0.581 0.207 0.538
PLC-30 3 0.726 0.404 0.028 0.331
PLC-39 3 0.900 0.180 0.004 0.165
PLC-81 3 0.772 0.374 0.107 0.339
PLC-91 3 0.600 0.526 0.077 0.443
PLC-100 6 0.392 0.703 0.120 0.648
PLC-104 5 0.439 0.689 0.051 0.637
LC-01 6 0.504 0.594 0.575 0.514
LC-02 9 0.305 0.775 0.358 0.739
LC-16 4 0.867 0.235 0.142 0.216
PBA-LC-221 5 0.690 0.477 0.077 0.432
PBA-LC-222 3 0.668 0.497 0.059 0.444
PBA-LC-368 4 0.578 0.554 0.060 0.479
PBA-LC-377 4 0.570 0.578 0.015 0.512
PBA-LC-379 4 0.794 0.350 0.174 0.325
PLC-51 3 0.553 0.524 0.000 0.419
PBA-LC-376 2 0.822 0.293 0.000 0.250
PBA-LC-117 4 0.593 0.565 0.157 0.506
PBA-LC-118 5 0.623 0.490 0.019 0.395
PBA-LC-404 2 0.783 0.340 0.000 0.282
PBA-LC-1241 2 0.642 0.460 0.000 0.354
PBA-LC-652 3 0.679 0.485 0.129 0.433
PBA-LC-1247 3 0.751 0.393 0.000 0.344
PLC-60 2 0.754 0.371 0.000 0.302
PLC-88 2 0.618 0.472 0.050 0.361
PBA-LC-373 3 0.489 0.543 0.058 0.438
PBA-LC-949 3 0.921 0.148 0.000 0.140
PBA-LC-1351 3 0.639 0.503 0.189 0.430
PBA-LC-1526 8 0.333 0.765 0.158 0.728
PBA-LC-1551 3 0.828 0.290 0.040 0.256
PBA-LC-1375 3 0.643 0.469 0.031 0.373
PBA-LC-1401 7 0.438 0.697 0.455 0.648
PBA-LC-1698 3 0.485 0.546 0.053 0.442
PBA-LC-278 2 0.904 0.174 0.192 0.159
PBA-LC-327 2 0.898 0.183 0.000 0.167
PBA-LC-216 3 0.623 0.516 0.007 0.440
PBA-LC-1363 4 0.527 0.631 0.075 0.576
PBA-LC-1308 2 0.743 0.382 0.000 0.309
PBA-LC-383 3 0.579 0.539 0.087 0.454
PBA-LC-418 4 0.849 0.271 0.035 0.258
LC-03 11 0.385 0.719 0.308 0.677
PBA-LC-1530 5 0.571 0.603 0.019 0.554
PBA-LC-1554 7 0.481 0.711 0.150 0.681
PBA-LC-333 8 0.300 0.760 0.291 0.720
PLC-46 7 0.654 0.536 0.258 0.504
Mean 4.109 0.637 0.484 0.108 0.428

doi:10.1371/journal.pone.0160073.t002
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29185

Fig 1. Unweighted Pair Group Method for Arithmetic average (UPGMA) tree based on dissimilarity index of 46 simple sequence repeat (SSR)
markers for 285 lentil genotypes.

doi:10.1371/journal.pone.0160073.g001

population ID assigned on the basis of origin viz. Argentina (1), Azerbaijan (2), Bangladesh
(3), Croatia (4), Ethiopia (5), France (6), ICARDA (7), India (8), Israel (9), Italy (10), Jordan
(11), Lebanon (12), Mexico (13), Nepal (14), Palestine (15), Slovenia (16), Spain (17), Syria
(18), Tajikistan (19), Turkey (20) and Uzbekistan (21). Using a membership probability thresh-
old of 0.80, 50 genotypes were assigned to subgroup (SG) 1, 62 genotypes to SG 2 and 48 to SG
3. One hundred twenty five genotypes were retained in the admixed group (AD). The
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Table 3. Cluster means of reductions in root length and shoot length, root re-growth (RRG) and mean genetic distance (MGD) under Al stress con-
ditions among the clusters.

Clusters
Cluster 1
Cluster 2
Cluster 3
Cluster 4
Cluster 5
Cluster 6
Cluster 7
Cluster 8
Cluster 9
Cluster 10
Cluster 11

Genotypes
3

4

32

85

Root length

25.942
37.60°
40,15
27.97%
45,78%
42.87%
43.62¢
32.18%
35.5330°
35. soabcd
39.81°¢d

Shoot length

10.273°
18.84%°
24,08
14.76°
23,30%°
25.64°
24.4230¢
19.623°
18.013°
17.8330¢
20.823b°

RRG
0.91%°
0.78%
0.762
1.28°
0.72%
0.80%
0.81%
0.83%°
0.74%
0.79%
0.72%

Values within each column that do not share common letter are significantly different by Duncan’s post- hoc test at P<0.05.

doi:10.1371/journal.pone.0160073.t003

MGD

0.65°
0.61°
0.54bcd
0.55%
0.56%
0.54°
0.64%
0.58%
0.54°¢d
0.51%
0.482

relationship between subgroups derived from STRUCTURE explained that SG 1 comprised of
wild types and SG 2 and SG 3 consisted of cultivars, where SG 3 comprised of ‘ILL’ series of cul-
tivars which are mostly germplasm collections. This indicated that the population structure
was in accordance with clustering of lentil genotypes in UPGMA tree.

Physiological dissection of component mechanisms of Al resistance

Al accumulation in roots and shoots.

The Al contents in roots and shoots increased with

increase in concentration of Al in the nutrient solution and it was found higher in roots as
compared to shoots. Significantly (P<0.05) higher Al content was detected in roots of sensitive
cultivars (BM-4, L-4147) than in resistant breeding lines (L-7903, L-4602). In wild type also,
resistant accession, ILWL-185, showed lower accumulation of Al as compared to sensitive
wild, ILWL-436 (Fig 4).

Mean Genetic Distance
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Fig 2. Correlation between genetic similarity measured by mean genetic distance (MGD) and root re-
growth (RRG) (cm) in 285 lentil genotypes. Six contrasting genotypes selected for further evaluation for
physiological parameters are marked.

doi:10.1371/journal.pone.0160073.g002
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Fig 3. Model based population structure plot with K = 3, using Structure with 46 SSR markers. Colour codes: red = population | (wild accessions),
green = population Il (cultigens) and blue = population Il (‘ILL’ series of cultigens).

doi:10.1371/journal.pone.0160073.9003

Localization of Alin root tissues. Morin dye staining technique was used to detect the
presence of Alin plant tissues after short-term exposure to Al [25, 37]. This dye binds strongly
with Al, where it gives fluorescence under fluorescent microscope (Fig 5). Through morin
staining, wild resistant accession, ILWL-185 showed less fluorescence (Al concentration) in its
root tip than the resistant cultigens, whereas sensitive wild, ILWL-436 showed similar fluores-
cence to that of sensitive cultigens.

Effects of Al stress on accumulation of callose in roots. Roots showed more callose depo-
sition with increasing A1 concentrations from 0 to 148 uM and deposition was consistent with

PLOS ONE | DOI:10.1371/journal.pone.0160073 July 28,2016 15/30



@’PLOS ‘ ONE

Molecular and Physiological Aspects of Aluminium Stress on Lens Species

1.2
@ L7903

.y~ BM-4
1.0

DW)
=
(> o)

-1

Al content (img g

0.2 H

0 L4602 Shoot
A 14147

B [LWL-185--0-- ILWL-436 4 .........

Root

—{S>—HCH

—C

_ 1 - @ bed
--O-- bed
. e g
sy : s T
A Cde soe s =
@ g D g |
A g . %
. T T
-0 3
0.0 A ' E‘; | |

Control

+74uM Al +148uM Al Control ~ +74uM Al +148uM Al

Fig 4. Al contents in root and shoot of lentil: resistant breeding lines (L-7903, L-4602), sensitive cultivars (BM-4, L-4147) and resistant wild
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the level of Al-induced root growth inhibition. Callose staining was much less in resistant—
breeding lines (L-7903 and L-4602) in comparison to sensitive cultivars (BM-4 and L-4147).
Wild resistant accession (ILWL-185) showed less callose accumulation as compared to culti-
gens under both the treatment conditions viz. 74 and 148 pM Al concentrations, whereas sensi-
tive wild, ILWL-436 accumulated more callose (Fig 6).

Effects of Al stress on H,0, production. Hydrogen peroxide production in roots was
visualized using DCF-DA which produced green fluorescence. The DCF-DA fluorescence was
negligible in the root tips of control plants, whereas it increased markedly under Al stress. The
level of H,O, was higher in both the resistant and sensitive genotypes; however, when both
were compared, low fluorescent signal was observed in roots of resistant breeding lines (L-7903
and L-4602), whereas intense green fluorescence was found at roots tips in sensitive cultivars
(BM-4 and L-4147), although they were treated with same level of Al stress i.e. 74 and 148 uM
Al concentration (S5 Fig). Similar to cultigens, wild resistant accessions exhibited less green
fluorescence when compared to sensitive wilds, indicating less H,O, production under both
the treatment conditions.

Effect of Al stress on lipid peroxidation. Lipid peroxidation was estimated biochemically
as concentration of TBARS. There was a great variation for TBARS concentration among the
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four cultigens and two wilds under Al stressed conditions, indicating intraspecific genotypic
variability. In general, treatment with higher Al concentration resulted in significantly high
TBARS in both resistant and sensitive genotypes; however, sensitive cultigens showed more
TBARS concentration as compared to resistant lines (54 Fig). The concentration of TBARS in
resistant wild accession, ILWL-185 in both roots and shoots at 148 M was lowest when com-
pared to all the genotypes (cultigens as well as wilds). In roots, at 148 uM Al concentration,
TBARS concentration was highest in sensitive wild, ILWL-436 and in shoots the concentration
was comparable to sensitive cultigens.

Effects of Al stress on antioxidant systems. SOD, APX, GPX and CAT activities were
estimated in both roots and shoots. The results revealed that Al stress affected activities of all
the antioxidant enzymes variably. Higher SOD activity was observed in roots and shoots of
both resistant and sensitive genotypes under Al stress; however, it was more prominent in
roots than in shoots. Increment in SOD activity in cultigens was more in resistant breeding
lines (L-7903 and L-4602), while sensitive cultivars (BM-4 and L-4147) showed less increase in
SOD activity under Al stress as compared to the controls. The increase in enzyme activity was
more in roots of L-7903 and L-4602 (61.5 and 52.5%) than in BM-4 and L-4147 (10.4 and
29.7%) genotypes at 148 uM concentration of Al (Fig 7a). The most prominent SOD activity
was observed in roots of resistant wild accession, ILWL-185 (61.6 at 148 uM concentration of
Al) while the sensitive wild accession, ILWL-436 (25.9 at 148 uM concentration of Al) showed
lowest activity among all the genotypes. On the other hand, catalase activity decreased signifi-
cantly under Al stress in both the resistant and sensitive genotypes when compared to their
respective controls. With increasing levels of Al stress, a concomitant decline in catalase activ-
ity was observed in roots and shoots of both the resistant and sensitive genotypes. Seedlings
grown under 148 pM Al concentration showed about 5.6 and 17.9% decline in catalase activity
in roots and 38.0 and 31.8% decline in activity in shoots of breeding lines, L-7903 and L-4602,
respectively (Fig 7b). In case of wild accessions, resistant one (ILWL-185) showed highest CAT
activity, with reduction of 26.9% in shoots when compared to resistant cultigens, while the
activity in roots (with reduction over the control of 15.7%) was equivalent to resistant cultigens.
Similar to SOD, APX activity increased in roots and shoots of resistant breeding lines, L-7903
and L-4602 as well as resistant wild, ILWL-185. The increase in activity of APX was higher in
roots as compared to shoots and the increase was more in resistant breeding lines, L-7903 and
L-4602 (50.0 and 55.5%) than in sensitive cultivars, BM-4 and L-4147 (6.3 and 14.3%) at
148 uM Al concentration as compared to their controls. Similar to roots, APX activity
increased in shoots of all the four cultigens, but, L-7903 and L-4602 showed higher increase
(41.4 and 45.4%) as compared to marginal increase of 4.5 and 1.4% in BM-4 and L-4147,
respectively at 148 uM Al concentration. Resistant wild, ILWL-185 also showed significant
increase in APX activity in both roots (57.3% at 148 uM Al concentration) and shoots (44.9%
at 148 uM Al concentration), while the sensitive wild, ILWL-436 showed very less increase in
activity (8.4% in roots and 6.7% in shoots at 148 uM Al concentration) which was just compa-
rable to the control (Fig 7c). Al stress also caused significant (P< 0.05) increase in GPX activity
in all the genotypes. The genotypes L-7903 and L-4602 showed higher increase in GPX activity
(59.3 and 60.6%) as compared to BM-4 and L-4147 (22.2 and 34.1%) at 148 uM Al concentra-
tion. As such, in the shoots, GPX activity increased by 40.7 and 39.7% in L-7903 and L-4602
(resistant) and 17.6 and 28.8% in BM-4 and L-4147 (sensitive) genotypes, respectively at
148 uM Al as compared to their controls. The wild accessions also showed significant increase
in GPX activity in roots which was very high in resistant genotype (63.2% at 148 uM Al con-
centration). Alternatively, the sensitive one showed very less increase in GPX activity (23.6% at
148 uM Al concentration) (Fig 7d).
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Al-induced secretion of organic acids. There were two peaks corresponding to citrate
(retention time 8.6 min) and malate (retention time 10.2 min) in HPLC profile after treatment
with 74 and 148 uM Al (pH 4.5) for 30 min, 1 h, 2 h, 3 h and 6 h (Fig 8) and organic acids were
not detected in the absence of Al. Exposure to Al caused increased secretion of citrate and
malate from roots in all the genotypes, but the amount of secretion was less in sensitive geno-
types (BM-4, L-4147, ILWL-185) than resistant ones (L-7903, L-4602 and ILWL-436). Also, in
resistant genotypes, malate was detected at high level in comparison to citrate in the nutrient
solution under Al treatment. The secretion of both the organic acids was highest in wild resis-
tant accession, ILWL-185 at both treatment conditions (74 and 148 uM Al). The secretion of
citrate and malate was detected in 1-3 h after exposure to 74 to 148 uM AlCl;.6H,0 (pH 4.5)
(Fig 8) and after 3 h exposure to Al, no significant changes were detected on the secretion of
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citrate and malate. These results suggested that the secretion of high levels of citrate and malate
required approximately 3 h of Al stimulation.

Field evaluation of selected genotypes in acidic conditions

The field experiments under acidic conditions were conducted during 2012-13 and 2013-14 at
Imphal, Manipur, India and during 2012-13, 2013-14 and 2014-15 at Basar, Arunanchal Pra-
desh, India for evaluation of Al resistance in selected genotypes. The resistant breeding lines (L-
7903 and L-4602) showed 3.77 g and 3.57 g; 3.80 g and 3.93 g seed yield per plant during 2012-
13 and 2013-14 at Imphal, Manipur, India, respectively. These two breeding lines showed 4.33
g,4.00 gand 3.83 g;4.03 g,4.10 g and 4.53 g seed yield per plant during 2012-13, 2013-14 and
2014-15, respectively at Basar, Arunanchal Pradesh, India. On the other hand, sensitive geno-
types (BM-4 and L-4147) recorded the seed yield per plant of 2.07 g and 2.34 g; 2.50 g and 2.67
g during 2012-13 and 2013-14, respectively at Imphal, Manipur, India and 2.23 g, 2.47 g and
2.67 g;3.23 g,2.93 gand 3.00 g during 2012-13, 2013-14 and 2014-15, respectively at Basar,
Arunanchal Pradesh, India (Fig 9). At the two locations i.e. Imphal and Basar, significant corre-
lation was found between seed yield and RRG (r = 0.96 and r = 0.94, respectively).

Discussion

Aluminium is easily absorbed by plants mainly through the root system and thereafter displays
its toxicity symptoms. Root growth inhibition is one of the indicators of Al sensitivity which
may occur due to disruption of root cell physiological processes [5]. In the present study also,
the inhibition of the roots was much more in sensitive genotypes than in the resistant ones.
Such growth inhibition under Al stress may be the result of more Al accumulation in the roots.
This result was supported by RRG after haematoxylin staining without Al stress. This trait has
been suggested as an indicator of Al resistance in different crops like wheat, coffee, sorghum
etc. [49, 50, 51]. On the basis of this important trait, all the 285 genotypes were grouped into Al
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resistant, moderately resistant and sensitive categories. From all these genotypes, couple of
most contrasting cultigens and a pair of contrasting wilds were further selected to study Al
resistance mechanism in lentil. Also, for improving Al tolerance in cultigens, it is essential to
check the genetic dissimilarity among the contrasting genotypes which could act as potential
parents in future Al resistance breeding programmes and the crossable resistant wilds could
provide important Al resistance genes for introgression into cultigens. Therefore, in this study
an attempt was made to categorize all the 285 genotypes including breeding lines, cultivars,
landraces, germplasm collections as well as wilds, based on their molecular diversity and then
to correlate them with their Al resistance reactions under different experimental conditions.
Based on cluster analysis, out of 7 resistant breeding line, germplasm collection, landraces, viz.
L-7903, L-4602, LC-284-116, PDL-1, ILL-10794, IG-129319 and PSL-7; 3 were grouped in clus-
ter C11, two were grouped in C9 and one fall into C1 whereas among 13 sensitive, breeding
lines, germplasm collection, landraces, cultivars viz. BM-4, L-4147, 1G-109039, IG-112128, IG-
129302, 1G-130219, L-4590, IG-9, IG-936, ILL-10960, LC-300-6, PSL-1 and I1G-5320, 7 were
grouped into cluster C11, two were in C6 while other four were scattered in clusters C5, C8, C9
and C10. All the 4 wild resistant accessions viz. ILWL-185, ILWL-340, ILWL-3 and ILWL-29
were grouped together in cluster C4. Also, out of 7 sensitive wild accessions viz. IG-136620,
ILWL-125, ILWL-227, ILWL-398(A), ILWL-415, ILWL-44, ILWL-436, first six were grouped
together in cluster C3 and last one is separated into C6 (Fig 1). This suggested that grouping of
wild accessions was on the basis of Al resistance reactions, while cultigens showed lesser Al tol-
erance grouping pattern. Similarly, separation of wild accessions from cultigens in lentil has
been reported in some recent studies [52, 12]. Further, among 4 resistant wilds, ILWL-3
belongs to spp. L. orientalis which is crossable with cultigens and therefore can be utilized for
Al tolerance improvement through breeding programs.

Growth parameters like reduction in root length and shoot length was low in the genotypes
of cluster 4 and 1 which was comparatively high in those of other clusters. These clusters con-
sisted of resistant genotypes mainly. The genetic diversity within wild separated itself from the
cultivars and TLL’ series of cultigens which were mainly germplasm collections from ICARDA
were grouped together in cluster C10 (Fig 1). Similarly, distinction of wild types from cultivars
has previously been reported in many other crops including pigeonpea, pearl millet etc. [53,
54]. These results were also supported by both the population structure developed using
STRUCTURE software and Jaccard’s similarity index obtained from NTSYS-pc software. Fur-
ther, most of the wild accessions were clustered according to their subspecies as L. culinaris ssp.
ervoides were mostly clustered into C3, similarly cluster 6 mostly comprised of L. culinaris ssp.
odemensis and C7 has mostly genotypes of L. culinaris ssp. orientalis. Characterization of wild
lentil accessions on the basis of their subspecies was also reported by Dikshit et al. [52]. On the
basis on population structure, genotypes were distinguished into 3 population groups, where
wilds were separated from cultigens. Also, 125 genotypes were assigned to admixtures reflect-
ing hybridization and migration events between the populations and possible gene flow
between distinct populations. These admixes can be further used for Admixture mapping fol-
lowing association study. Pfaff et al. have reported that Admixture mapping is a potentially
powerful method for the identification of genes that elude other mapping methods [55]. Jac-
card’s similarity index which correlated genetic similarity and RRG after staining had well sep-
arated the six selected resistant and sensitive genotypes (cultigens as well as wilds) (Fig 2). This
suggested that such trait among different genotypes can be predicted based on genetic similar-
ity by SSR markers. Similarly, separation of drought resistant and sensitive genotypes through
Jaccard’s similarity index has been reported by Singh et al. [12].

The six selected genotypes viz. L-7903, L-4602 (resistant breeding lines); BM-4, L-4147 (sen-
sitive cultivars); ILWL-185 (resistant wild), ILWL-436 (sensitive wild) were then used to study
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different component mechanisms for Al resistance in lentil. The findings showed less Al con-
tent in roots and shoots in resistant lines as compared to sensitive ones (Fig 4). Less retention
of Al in roots, restricting its transport to shoot in resistant lines (L-7903 and L-4602) suggests
that efficient exclusion mechanism might be involved in these genotypes. The resistant geno-
types either restricted Al absorption through roots or detoxify it after absorption [56]. Staining
with morin and haematoxylin fluorescent dyes, have been used in the past to detect the pres-
ence of Al as they are relatively simple and quick tools to examine Al** localization and accu-
mulation in root tissues [57, 37, 25]. When a plant is grown under high Al concentrations, Al
first enters in root tissues of cell wall (upper layers) and it is well evidenced that primary Al
accumulation in root tissues is localized in cell wall [58]. In this study, morin staining demon-
strated lower accumulation of Al in cell dividing and elongation zones of roots in Al resistant
lines compared to sensitive ones in both cultigens and wilds (Fig 5). These results suggest that
Al-resistant roots have developed a mechanism to restrict accumulation of Al in this region. Al
entering the root during the 48 h exposure period had penetrated the endodermis and cortex of
BM-4, L-4147 and ILWL-436, but not in L-7903, L-4602 and ILWL-185. This clearly indicates
the existence of barrier mechanism in resistant lines that restricts AI’* penetration into the
endodermis and cortex up to certain Al stress levels. Similar staining pattern was observed in
root tips of wheat by Andrade et al. [59]. Ahn et al. reported that most of the Al detected by
morin was located in cell walls of squash root cells during the first 3 h of treatment [60]. Vaz-
quez et al. observed the presence of Al in cell walls and vacuole of maize root tip cells after 4 h
of Al treatment [61].

Callose accumulation in roots has also been known as a sensitive indicator of A1 toxicity
and can be readily detected by fluorescence microscopy [62, 36]. In controls (absence of Al),
resistant and sensitive genotypes showed a negligible fluorescence, whereas strong fluorescence
signals (callose accumulation) were detected in roots after exposure to 74 and 148 um Al for 48
h. Callose was observed slightly lower in resistant breeding lines (L-7903, L-4602 and ILWL-
185) than in sensitive cultivars (BM-4, L-4147 and ILWL-436) (Fig 6). This suggests that cal-
lose accumulation in Al-treated roots of resistant lines was less in comparison to accumulation
in sensitive ones. Production of higher ROS and fatty acid oxidation of root plasma membrane
is well documented under Al toxicity [63, 64]. In this study, level of ROS induced H,O, pro-
duction was estimated through florescence imaging and lower level of H,O, was found in resis-
tant genotypes in comparison to sensitive ones (S5 Fig). Lipid peroxidation has also been
suggested as an indicator of Al sensitivity in plants [65]. Lipid peroxidation in the roots of all
the six genotypes under Al stress were found to be more pronounced in the root tips of sensi-
tive genotypes than resistant ones. Basu et al. has also reported similar increase in the level of
malondialdehyde (MDA) /TBARS and directly correlated it with the inhibition of root growth
in Brassica napus [66].

Plants possess several enzymatic and non-enzymatic antioxidant mechanisms to overcome
the oxidative stress caused by over production of ROS [67]. In this study, the role of antioxi-
dant enzymes (SOD, APX, GPX and CAT) under Al stress in detoxification of ROS was well
observed. There was induction in SOD, APX and GPX activity in all the genotypes under Al
stress in both roots and shoots. The activity of all these enzymes was higher in roots as com-
pared to shoots, which was associated with higher Al concentration in the roots [68]. Resistant
genotypes showed significant increase in SOD activity at both the levels of Al stress i.e. 74 and
148 pM, on the other hand, sensitive genotypes showed no significant changes in SOD activity.
The highest increase in SOD activity over the control was observed in roots of wild resistant
accession, ILWL-185 (Fig 7a). Boscolo et al. have reported similar Al-induced activity of SOD
in different crops [69]. APX and GPX activity also showed similar patterns in all the genotypes
under Al stress (Fig 7c and 7d). The activity of APX was shown to be enhanced by Al in crops
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like Cucurbita pepo and rice [70, 68]. Furthermore, Singh et al. have used GPX activity as bio-
marker to evaluate the intensity of Al stress in chickpea [71]. In contrast to the activities of
these three enzymes, CAT activity decreased in shoots of all the six genotypes under Al stress
where sensitive genotypes showed higher reduction compared to resistant ones. On the other
hand, CAT activity in roots has shown no significant changes under Al stress in sensitive as
well as tolerant lines (Fig 7b). In contrast to this, there are various reports where CAT activity
was shown to be enhanced under Al stress in plants like pea and soybean [72, 73]. In present
study, reduction in the CAT activity in shoots under Al stress suggests that CAT may be
involved in H,O, degradation [69] and the decreased CAT activity can serve as an intrinsic
defence mechanism to resist Al-induced oxidative damage in lentil.

Plants uses different types of strategies to mitigate adverse effects of Al toxicity where exclu-
sion is most widely accepted one [74, 75]. Exclusion may involve either exudation of chelating
ligands or formation of pH barrier at root apoplasm or Al efflux among which, exclusion
through chelating ligands is reported as most dominant mechanism in many plant species [76,
77]. Organic acids like citrate, malate and oxalate have been reported to be exudated at rhizo-
sphere and apoplast under Al stress [78]. These organic acids can form stable, nontoxic com-
plexes with Al in the rhizosphere, which prevent binding of Al to extra- cellular and intra-
cellular substances of the roots [79, 80]. In this study, secretion of citrate and malate from roots
in response to Al stress was observed, where the amount of malate secretion was found to be
higher in comparison to citrate at 74 and148 uM Al concentration (Fig 8). Secretion of both cit-
rate and malate was higher in Al resistant cultigens as well as wild than in sensitive ones and it
was observed that higher secretion of citrate and malate in resistant genotypes was during first
3h of Al exposure, thereafter the secretion of both the organic acids declined. The secretion of
both the organic acids was highest in the wild resistant accession, ILWL-185. This pattern of
secretion of exudates has been suggested as pattern II by Ma et al. [80]. Similar pattern of Al-
induced organic acid secretion has been reported in tora, soybean, common bean and rice bean
[81, 82, 83, 84]. In this study, the reduction in amount of citrate and malate secretion after 3h
of Al stress treatment suggested that Al exposure for longer duration may probably influence
the mechanism involved in secretion.

In this study, field experiments for Al resistance conducted at highly Al toxicity affected
areas in India. Lentil genotypes at Imphal, Manipur, India location had low seed yield per plant
than those grown at Basar, Arunachal Pradesh, India. The higher seed yield at Basar, Arunachal
Pradesh, India may be because of slightly higher pH (5.1) in this region. At both the locations,
L-7903 and L-4602 (resistant breeding lines), had higher seed yield per plant than BM-4 and L-
4147 (sensitive cultivars) under low pH conditions (Fig 9). It was also noted that RRG is highly
correlated with seed yield at both the locations. Thus, while screening of a large number of
genotypes for Al resistance, it is recommended that selection of genotypes be based on RRG.
Selected resistant breeding lines (L-7903, L-4602) and wild (ILWL-185) accessions can be used
in breeding programme for development of aluminium resistant genotypes. Under all the
experimental conditions implied in this study, wild resistant accessions showed higher or simi-
lar results to that of resistant cultigens. Also, wild accessions were grouped into one population
group as indicated by both population structure and cluster analysis. This could be due to
maintenance of originality of their genetic constituents whereas in cultigens there is extensive
inbreeding and domestication over the decades which have distorted their genetic constituents.

Conclusions

The important acquisition in this study could be applied to lentil breeding programs for
improving Al resistance. Improvement in aluminium tolerance can be achieved by crossing
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contrasting parental genotypes from different SSR clusters. Further crossing between some of
the resistant and sensitive cultigens which are grouped together in cluster C11 should be
avoided in breeding programmes for Al tolerance because of their low genetic dissimilarity.
Also, physiological and biochemical mechanisms/traits for Al stress tolerance described in this
study in lentil will allow the design of better techniques for reducing the period of developing
Al stress resistant genotypes in future breeding programs. Various component traits/ mecha-
nism evaluated in contrasting lentil genotypes like root growth, Al accumulation/ compart-
mentation and exudation of organic acids, can be considered felicitous for selection of Al stress
resistant lentil genotypes and can be exploited in future breeding programs for mapping and
introgression of Al resistance gene/ quantitative trait loci (QTL) for development of Al resistant
cultivars for acidic soils.

Supporting Information

S1 Fig. Electrophoretic profile of PCR amplified products of SSR marker PLC_100 in 48
cultivars. Base pairs (bp), 100bp DNA Ladder (L).
(TIF)

S2 Fig. Electrophoretic profile of PCR amplified products of SSR marker PBA_LC_1551 in
48 wild genotypes. Base pairs (bp), 100bp DNA Ladder (L).
(TIF)

$3 Fig. Evanno plot describing estimation of cultigens and wild genotypes of genus Lens
using LnP (D) derived A k for k from 1 to 15.
(TIF)

$4 Fig. Changes in TBARS contents for resistant breeding lines (L-7903 and L-4602), sensi-
tive cultivars (BM-4 and L-4147), resistant wild accession (ILWL-185) and sensitive wild
accession (ILWL-436) under Al stress (74 and 148uM Al) conditions after 48 h exposure.
Means with the same small letters for each part of the plant do not statistically differ by the
Tukey test at P<0.05.

(TIF)

S5 Fig. Histochemical detection of H,0O, through-fluorescent microscope image in root
tips of lentil seedling of control, 74uM and 148 uM Al. Bar in each figure represent 1 mm.
(TIF)
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