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Grain iron and zinc content

Is independent of anthocyanin
accumulation in pigmented rice
genotypes of Northeast region
of India

Smrita Gogoi?, Sanjay Singh?, B. P. Mallikarjuna Swamy?3, Priyanka Das*, Debojit Sarma?,
Ramendra Nath Sarma?, Sumita Acharjee?* & Sharmila Dutta Deka®**

The traditional rice genotypes of Assam are considered to have biological value due to the presence of
several bioactive compounds like flavonoids, polyphenols, and anthocyanins, which have antioxidant,
anti-cancer, anti-diabetic, and anti-aging properties. The pigmented genotypes are considered to have
high iron (Fe) content. However, the effect of Fe and Zinc (Zn) accumulation on anthocyanin content

is yet to be studied in pigmented rice of Assam. We studied the Fe, Zn, and anthocyanin content

in grains of 204 traditional rice of Assam, which are traditionally preferred for their nutraceutical
properties. We performed phenotypic and biochemical compositional analyses of 204 genotypes to
identify those having high Fe, Zn, and anthocyanin. We also carried out the differential expression

of a few selected Fe and Zn transporter genes along with the expression of anthocyanin biosynthesis
genes. Interestingly, all pigmented rice genotypes contained a higher amount of phenolic compound
than the non-pigmented form of rice. We found the highest (32.73 g) seed yield per plant for genotype
Jengoni followed by Kajoli chokuwa and Khau Pakhi 1. We also listed 30 genotypes having high levels
of Fe and Zn content. The genotype Jengoni accumulated the highest (186.9 pg g™) Fe, while the
highest Zn (119.9 pg g™*) content was measured in genotype Bora (Nagaon), The levels of Ferritin 2
gene expression were found to be significantly higher in Bora (Nagaon) (>2-fold). For Zn accumulation,
the genotype DRR Dhan-45, which was released as a high Zn content variety, showed significant
up-regulation of the ZIP4 gene at booting (> 7-fold), post-anthesis (7.8-fold) and grain filling (> 5-fold)
stages followed by Bora (Nagaon) (> 3-fold) at post-anthesis. Anthocyanidin synthase gene, Flavanone
3-dioxygenase 1-like (FDO1), and Chalcone-flavanone isomerase-like genes were up-regulated in
highly pigmented genotype Bora (Nagaon) followed by Jengoni. Based on our data there was no
significant correlation between iron and zinc content on the accumulation of anthocyanin. This
challenges the present perception of the higher nutritive value in terms of the micronutrient content
of the colored rice of Assam. This is the first report on the detailed characterization of traditional rice
genotypes inclusive of phenotypic, biochemical, nutritional, and molecular attributes, which would be
useful for designing the breeding program to improve Fe, Zn, or anthocyanin content in rice.

Traditional purple rice genotypes of the Northeastern region of India are referred to as black rice due to the
dark pigmentation of the rice grain. The varying pigments are the result of deposits of several compounds in the
pericarp layer or aleurone layer. Colored rice varieties or genotypes have long been used in traditional foods of
Assam and are considered to have medicinal properties by many cultures in Assam' and other Asian countries®.
They are also preferred as a natural source of zinc (Zn) and anthocyanin®—. A wide range of variations in the
mineral composition and other many bio-active compounds like flavonoids, polyphenols, and anthocyanins
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was reported in the colored rice of Assam'. These bioactive compounds have antioxidant, anticancer, anti-
inflammatory, antidiabetic, and anti-aging properties in traditional colored rice®. Pigmented rice varieties are
also rich in nutrients such as vitamin D, calcium, thiamine, riboflavin, and glutamic acids and are high in fiber,
minerals, and protein”®. Anthocyanin pigments help reduce cholesterol levels in humans and are beneficial for
diabetic prevention due to the aldose reductase inhibitory activities®. The pigmented rice varieties are considered
to have high biological values and are grouped under functional food ingredients'’.

Antioxidants in food help to protect living cells and tissues from oxidative damage''. Antioxidants, including
phenolic compounds, have been especially rich in pigmented rice (black or red pericarp)!!. Anthocyanin has
been identified as the primary phenolic component with anti-oxidative properties in pigmented rice!?. Dietary
increased oxidative stress may be a small but substantial component of the disease reported in dietary Zn defi-
ciency, as evidenced by increased susceptibility to oxidative damage in membrane fractions from specific tissues.

The accumulation of anthocyanin in the rice grains of rice germplasm from different countries has a
wide range of genotypic variations'*~'°. The purple rice of Southern Thailand has 9.8 to 245.4 mg 100 g™! of
anthocyanin'® with high levels of phenol, flavonoids, and antioxidant properties in the pericarp’. Moreover,
several nutrients such as K, Fe, Zn, Cu, Mg, and Mn are present in the purple rice genotypes'®.

Genotypic variation has been reported among the local purple rice varieties from northern Thailand grown
by the local farmers and is generally consumed as unpolished rice with the pericarp intact without a polishing
process'. Recently, it has been identified that the local pigmented rice varieties contain high nutritional qualities
that are valuable for farmers and consumers such as Fe, Zn, anthocyanin, and antioxidant capacity?*-*2. These
are the resources of potential value-adding traits for rice breeders and market benefits as special-quality rice.
Therefore, these varieties need to be preserved and promoted through commercialization and public awareness
for their therapeutic and nutritional benefits.

Purple rice with pigmented grains is referred to as black rice in the area where very dark pigment is common
and the color is formed by deposits of several compounds located in the pericarp layer, seed coat, or aleurone
layer. Purple rice has long been a unique and traditional food and medicinal plant in many cultures?, as a natural
source of Zn and anthocyanin®~. Purple rice contains secondary compounds such as anthocyanins, flavones, tan-
nins, phenolic acids, sterols, tocols, y-oryzanols, amino acids, and essential oils; among which anthocyanins
account for more than 95%!%?*. China is recognized as the richest in purple rice resources (62%), followed by
Sri Lanka (8.6%), Indonesia (7.2%), India (5.1%), Philippines (4.3%), Bangladesh (4.1%), and lesser numbers
in Malaysia, Thailand and Myanmar?!. Currently, the standard classification of purple rice in global markets is
similar to that for non-colored rice, mostly involving grain appearance as the main criterion, e.g., size and uni-
formity of color’. Thus, the functional properties will be applied to distinguish the quality of rice grains, including
grain nutrients (e.g., Zn and Fe) and anthocyanins that will determine the market value. Earlier it was reported
that anthocyanin content and genes involved in anthocyanin production have been linked to Fe concentration®.

There is no report on Fe, Zn, and anthocyanin profiling of various colored rice germplasm of the NE region
of India. Therefore, we performed phytochemical profiling of existing germplasm. We characterized colored rice
landraces originating from the NE region of India for Fe, Zn, and anthocyanin content. We aim to determine
the pattern of anthocyanin biosynthesis to iron and zinc content in colored rice germplasms of the NE region
of India.

Materials and methods

Materials

A group of 204 rice germplasms was collected from the Regional Agricultural Research Station (Titabar),
Regional Agricultural Research Station (Lakhimpur), Indian Institute of Rice Research (IIRR) Hyderabad, and
Department of Plant Breeding and Genetics of Assam Agricultural University, Jorhat. The seeds were maintained
during this research work following the relevant institutional and national guidelines and legislation. Collected
genotypes were grown for the multiplication of grains at the experimental area of the Instructional-cum-Research
(ICR) Farm, Assam Agricultural University, Jorhat during Kharif (July to October), 2019-2020. The harvested
grains were dehusked and unpolished rice grains were subjected to grain element compositional analysis for Fe
and Zn by using Atomic Absorption Spectrophotometry (AAS). Brown or unpolished rice grain samples were
digested by the nitric acid digestion method?. 30 genotypes were selected based on their high Fe and Zn content
for further phenotypic characterization and phytochemical analysis during Sali or winter (June-December)
2020-2021. Also, 5 genotypes were selected based on having high Fe and Zn content along with checks to study
the anthocyanin biosynthesis genes along with Fe and Zn transport-related genes. For sample collection, plants
were grown in pots during Sali (June-December) 2020-2021.

Growth condition
For phenotypic characterization 30 genotypes were grown in Instructional-cum Research (ICR) Farm, Assam
Agricultural University, Jorhat during Sali 2020-2021. We selected five (5) genotypes based on their high Fe
and Zn content, to study the anthocyanin biosynthesis genes along with Fe and Zn transport-related genes. For
sample collection, seeds were germinated in petri dishes and transplanted to pots during June-December (Sali
or winter season), 2020-2021. A total of 3 replications per genotype were raised by following the best practices
[Package and practices for (Kharif) crop of Assam, 2015]. Pots were maintained at the net-house of the Depart-
ment of Plant Breeding & Genetics, AAU. Leaf samples were collected at two different stages: (a) first at the
booting stage, (b) second at the post-anthesis stage i.e. after 10 days of flowering. Also, immature seeds were
collected 7 days after post-anthesis.

To ascertain the fertility status of the soil used in the experimental pot, before the application of manures
and fertilizers, a representative sample was collected before filling out the pot. Then the soil was dried, ground,
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and allowed to pass through a 2 mm sieve, and composited for analysis of soil fertility status as given in Sup-
plementary Table S1.

Phenotypic characterization

Phenotypic observations were made from 10 randomly chosen plants in each plot viz., for days to 50% flowering
(day), days to maturity (day), plant height (cm), panicle length (cm), spikelet fertility (%), 1000-grain weight
(g), grain length (mm), grain breadth (mm), decorticated grain length (mm), decorticated grain breadth (mm),
length: breadth ratio, seed yield per plant (g), biological yield per plant (g) and Harvest index (%).

Phytochemical analysis

Rice grains were de-husked using a hand de-husker and the brown rice grains were ground to flour for further
analysis. The moisture content of the grains was within 10-12% at the time of analysis. For total phenol con-
tent and antioxidant activity, rice flour (1.5 g) was extracted (1:20 w/v) at room temperature with 85% aque-
ous methanol. Anthocyanins were extracted using acidified methanol (0.1 M HCl/methanol 85:15, v/v) with a
solvent-to-sample (rice flour) ratio of 10:1. The total phenol content was determined using the Folin-Ciocalteu
method?. The 2, 2-diphenyl-1-picryl hydrazyl (DPPH) radical scavenging activity or antioxidant activity was
measured following a previously reported procedure?. To determine total anthocyanins, the spectrophotometric
method?’ was employed.

Gene expression

Gene-specific primers were designed using the Oligo Perfect Designer software program (www.thermofisher.
com/oligoperfect.html) having a GC content of 55-60%, a T;, > 50 °C, primer length ranging from 18 to 22
nucleotides along with NCBI Locus ID of each gene is presented in Supplementary Table S2.

Total RNA was extracted from leaf and seed samples of all five cultivars subjected to our study, and then
cDNA was synthesized. PCR was carried out in the Applied BiosystemsQuantstudio™ 5 Real-Time PCR System
(Applied Biosystems, USA). All quantitative real-time PCR experiments were performed twice using two biologi-
cal replicates and each reaction was run in triplicate using the designed gene-specific primers. Primers specific
for rice Ubiquitin 10 gene (AK101547) was used as reference gene. Real-time PCR was done using gene-specific
primers of anthocyanin biosynthesis, Zn, and Fe transporter genes. Expression profiles were calculated by the
AACT method®.

Results

We categorized all the 204 rice genotypes as low, moderate, and high based on the iron content presented in Sup-
plementary Table S3. Iron content was found highest (186.9 ug g™') in Jengoni followed by IR 95040:12-B-3-10-2-
GBS (175.7 ug g™), Herapoa (173.8 pug g™'), Doriya (149.7 ug g™'), Nagina 22 (149.2 g g™!), Dimrou (145.7 pg g ™),
Solpuna (140.9 pg g™'), Banglami (140.9 pg g™*), Krishna (135.8 pg g™'), Kmj13A-6-1-2 (129.3 pg g!), Tulashi
bora (117.7 ug g™"), Katuktara (112.8 ug g™'), Kola ahu (103.8 pg g™') and Kajoli chokuwa (102.6 pg g™!). However,
the highest (119.9 pg g™') Zn content was recorded in Bora (Nagaon), which is one of the glutinous, red-colored
genotypes of Assam. We also found high levels of Zn content in Lal Aus (110.2 pg g™'), Dikhow (110.1 pg g™*),
Jyotiprasad (103.1 pg g™*), Kmj 13A-6-1-2 (88.2 ug g™*), Joha Bora (82.3 ug g™"), Solpuna (72.5 ug g ™), IR95048:1-
B-11-20-10-GBS (72.1 ug g '), Aus Joria (67.4 ug g™') and Nagina 22 (61.7 ug g™'). Based on Fe and Zn content;
30 genotypes were selected for phenotypic characterization and phytochemical analysis displayed in Table 1 and
Fig. 1a. Out of which 5 genotypes DRR Dhan 45, Bora (Nagaon), Jengoni, IRRI-IR 95040:12-B-3-10-2-GBS, and
Bahadur were selected for expression analysis presented in Table 2 and Fig. 1b.

Yield potentials of traditional colored rice genotypes

The presence of variability is a prerequisite for any breeding program. We found significant variation among
the colored rice genotypes for yield and component traits presented in Table 3. Dimrou showed early flowering
(90 days) and early maturing (106.5 days) genotypes displayed in mean Table 4. However, the highest panicle
length (32.38 cm) and plant height (137.97 cm) were observed in Khau Pakhi 1, which is a local traditional
germplasm of Arunachal Pradesh. The highest spikelet fertility was observed in the genotype Krishna (89.48%);
in which a high Zn breeding line, IR95048:1-B-11-20-10-GBS recorded the highest 1000-grain weight (30.22 g).
The highest (32.73 g) seed yield per plant was recorded for Jengoni, which was more than the check variety Baha-
dur (28.67 g). Other high-yielding genotypes recorded were Kajoli chokuwa (28.25 g), Khau Pakhi 1(26.03 g),
Joha Bora (23.38 g), and Herapoa (23.09 g). The highest (55.75%) harvest index was observed for the Kajoli
chokuwa genotype.

Additive gene effects in pigmented rice genotypes

High genotypic and phenotypic coefficients of variation were observed for grain yield per plant, yield per plant,
and harvest index. High broad-sense heritability was observed for all the characters presented in Table 5 and
Fig. 2. The genetic advance was high for plant height, days to maturity, 1000-grain weight, decorticated grain
length, length breadth ratio, seed yield per plant, biological yield per plant and harvest index. Heritability esti-
mates in broad-sense, GCVs, and PCV's were high for grain yield per plant, biological yield per plant, and harvest
index. The plant height, days to maturity, 1000-grain weight, decorticated grain length, length breadth ratio, seed
yield per plant, biological yield per plant, and harvest index were recorded for high heritability in concurrence
with high genetic advance, indicating additive gene effects. Thus, additive gene effects were predominant for
these characters in colored rice of the NE region of India.

Scientific Reports |

(2024) 14:4128 | https://doi.org/10.1038/s41598-024-53534-x nature portfolio


http://www.thermofisher.com/oligoperfect.html
http://www.thermofisher.com/oligoperfect.html

www.nature.com/scientificreports/

Sl.no. | Variety name Aleurone colour | Fe(ugg™) |Zn(pgg™)
1 Bahadur Light Brown 27.6 22.6
2 Ranyjit Light Brown 56.1 31.2
3 Chittimutylu Light Brown 61.8 284
4 DRR Dhan 45 Light Brown 55.8 324
5 Bora (Nagaon) Red 41.2 119.9
6 Dimrou Red 145.7 45.5
7 Banglami Red 140.9 13.6
8 Aus joria Red 76 67.4
9 Kajoli chokuwa Red 102.6 30.2
10 Khau pakhi 1 Red 145 20.6
11 Lal aus Red 28.3 110.2
12 Jengoni Red 186.9 28.6
13 Tulashi bora Purple 117.7 46.9
14 Katuktara Red 112.8 429
15 Tkhojoy Red 74.8 56.6
16 Kola ahu Red 103.8 40.1
17 Joha bora White 36.9 82.3
18 Nagina 22 Light Brown 149.2 61.7
19 Krishna White 135.8 26.3
20 Jyotiprasad Light Brown 252 103.1
21 IR10M210 Light Brown 42.2 57.6
22 Kmj13A-6-1-2 Light Brown 129.3 88.2
23 Solpuna Light Brown 140.9 72.5
24 Herapoa Light Brown 173.8 22.8
25 Doriya Light Brown 149.7 27.1
26 Kobra badam Light Brown 46 81
27 IR95048:1-B-11-20-10-GBS | Light Brown 46.3 72.1
28 IR 95,040:12-B-3-10-2-GBS | Light Brown 175.7 28.3
29 Dhirendra Light Brown 69.6 52.9
30 Dikhow Light Brown 252 110.1
Table 1.
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List of genotypes selected for phenotypic characterization and phytochemical analysis with varied
aleurone colour, Fe content* and Zn content* *Grains were analyzed at 12% moisture content.
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Figure 1. Representative picture of grain samples of the genotypes used in phytochemical analysis and
expression analysis.

SL no. Genotype Biochemical composition Aleurone colour Fe content (ug g™) Zn content (pg g™')

1 Jengoni High iron content Red 186.9 28.6

2 IR 95,040:12-B-3-10-2-GBS High iron content Light brown 175.7 28.3

3 DRR dhan 45 High zinc recommended variety Light brown 55.8 32.4

4 Bora (Nagaon) High zinc content Red 412 119.9

5 Bahadur Control Light brown 27.6 22.6
Table 2. Genotypes used in expression analysis.
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3:32?:;? ‘ Degree of freedom | DF DM PH PL SF TSW |GL |GW |DGL |DGW |LBR |SYP BYP HI AC
Replications 3 763 | 826 | 553 | 072 | 683 | 3.08 |0.09 |0.025 |0.002 |0.004 |0.002 | 1320 | 19.83 | 4196 | 211
Genotypes 30 182.80 | 664.62 |787.07 |17.96 |104.09 |31.87 |135 |0.147 |1.276 |0.152 |0.545 |127.68 |380.85 |129.97 |97.64
Error 90 401 | 303 | 160 | 048 | 118 | 048 |0.01 |0.002 |0.008 |0.002 |0.001 | 284 | 7.60 | 1273 | 0.32
CV % 178 | 119 | 113 | 278 | 131 | 3.02 [106 |155 |140 |177 |128 9.67 | 686 | 836 | 3.10
Table 3. Analysis of variance (mean square) for yield related and nutritional traits in rice. *Significant at
P=0.05. **Significant at P=0.01. DF days to 50% flowering, DM days to maturity, PH plant height, PL panicle
length, SF spikelet fertility, TSW =1000-grain weight, GL grain length, GW grain width, DGL decorticated
grain length, DGW decorticated grain width, LBR length breadth ratio, SYP seed yield per plant, BYP
biological yield per plant, HI harvest index, AC amylose content.
Genotypes DF DM PH PL SF TSW | GL GB DGL DGB |LBR SYP BYP HI AC
Bahadur 12500 |157.67 |100.60 |[2513 |[74.88 |1861 |851 [272 |640 |234 |275 |2867 |53.19 |5392 |22.57
Ranyjit 12367 [155.00 | 9253 |25.11 |7870 |18.88 |826 [240 |6.03 [203 297 |2637 |48.04 |[5495 [20.28
Chittimutylu 108.83 [145.83 | 8472 |2345 |7914 |2481 |7.60 (280 |553 [241 230 [1491 |3273 |4570 |20.24
DRR Dhan 45 11117 [136.67 |112.81 |2537 |81.01 |23.00 |[855 [233 |639 [195 328 [1532 |37.33 [41.05 |[21.20
Bora (Nogaon) 111.00 [165.00 |11533 |2237 |8535 |27.38 |923 |285 |7.06 [258 |2.67 |1844 4524 |40.77 | 4.38
Dimrou 90.00 |106.50 | 10847 |23.60 |61.79 (2342 |[8.15 (282 617 |255 |242 9.18 |2138 |4293 |1671
Banglami 10233 | 126.83 | 12120 |2333 |89.40 |2129 |[751 281 |563 248 |228 [1554 [34.62 [4489 |13.86
Ausjoria 11917 |136.83 |107.08 |2560 |7255 |2037 |723 |293 |518 |258 199 |12.03 3198 3759 |14.71
Kajoli chokuwa 11217 [157.93 |131.25 |2655 |8257 |21.04 [9.03 [259 |691 [221 313 [2825 |61.69 [4579 |[12.23
Khau pakhi 1 11683 [164.33 |137.97 |31.56 |84.66 |2348 |8.08 [231 |6.07 [195 |3.08 [2603 5538 |[47.01 |[22.70
Lalaus 11383 |134.17 |12873 [27.00 [8045 |21.00 |806 |258 [593 |221 |267 |13.80 |2597 |53.16 |24.70
Jengoni 100.67 [142.33 |12070 |2473 |8627 |2566 |9.18 [292 890 [258 350 |32.73 5866 |5575 |14.77
Tulashi bora 118.17 [168.83 |130.07 |25.60 |81.31 |2327 [9.00 |280 |6.80 [248 |278 |1876 |51.08 |36.67 | 4.55
Katuktara 11067 | 13450 |129.33 |2550 |[87.33 [25.68 [806 |291 |6.05 |252 |236 |1565 |38.82 |4055 |2071
Ikhojoy 107.00 |122.33 | 11243 |24.08 |8238 |21.85 |770 |314 |574 |280 |2.04 932 |3025 |3078 |19.06
Kola ahu 11550 [134.83 | 93.37 |2523 |8449 (2279 (878 (281 675 |247 |272 926 |2835 3268 [19.79
Joha bora 11517 [161.50 |130.70 |2827 |86.82 |2592 |9.66 |288 |7.56 [252 296 |2338 5615 |41.62 | 545
Nagina 22 11350 |133.83 |126.00 [2523 (8504 |2843 [849 [291 |64l |253 |252 |1047 |3367 |3112 |2043
Krishna 11133 [132.67 | 87.30 |25.60 |89.48 |22.87 [828 [256 |617 [221 280 |1361 3806 |[3579 |[21.26
Jyotiprasad 110.67 [160.83 | 88.58 |23.28 |8568 |2602 |8.64 [281 |66l (242 270 [17.58 3625 [3034 |14.00
IR10M210 112.83 | 16333 |119.53 |23.61 |[8142 [1503 [934 |260 [7.19 |223 |325 |1840 |4451 |4134 |22.11
Kmjl3A-6-1-2 10517 [140.33 | 97.15 |2243 |8296 2458 [9.17 [281 698 |247 |2.83 855 |3245 |2622 |23.40
Solpuna 10600 |[157.67 |127.87 |2693 |8810 |2077 [872 [295 |659 [257 253 |2170 |49.15 |[44.17 [19.65
Herapoa 12750 [153.67 | 10656 |19.56 |89.43 |18.65 |7.14 [282 |508 [246 207 [23.09 5530 |[41.74 |[24.48
Doriya 107.00 |151.67 |13200 [2674 [89.10 |2598 [813 [291  |606 |252 |2.33  |1645 |4582 |3590 |23.85
Kobra badam 12117 [163.50 | 8347 |2470 |[7821 1957 [9.01 [261 |677 |224 |3.06 |1252 |40.27 |3110 |25.01
IR95048:1-B-11-20-10-GBS | 12050 [151.00 | 9543 |22.85 |8664 |3022 |842 |243 629 [209 |3.07 |1408 |3449 (4077 |19.16
IR 95,040:12-B-3-10-2-GBS | 120.83 |15433 |107.32 |30.77 [88.23 |2277 |9.01 |222 |685 |1.89 |3.69 978 2672 |3674 |19.80
Dhirendra 113.00 [150.67 |119.03 |2240 |8640 |20.55 |745 [251 |537 [218 244 [17.85 4129 [4336 |20.69
Dikhow 109.83 [140.50 |117.00 |22.93 |8491 2264 (920 [279 |7.22 |242 |3.05 |2146 |49.34 |4355 |1491
Mean 112.68 [146.84 | 11215 |2498 |8316 |22.88 |845 [272 |642 [236 274 |17.44 |48.05 [4093 |[18.22
SE (m) 0.667 | 0580 | 0421 | 0232 | 0362 | 0230 |0.030 |0.014 [0.026 |0.014 |0.017 | 0562 | 0919 | 1.189 | 0.188
CD (P=0.05) 3303 | 2874 | 2085 | 1146 | 1791 | 1.140 |0.148 [0.070 |0.126 |0.069 |0.086 | 2782 | 4.550 | 5.888 | 0.933
CD (P=0.01) 4419 | 3.845 | 2790 | 1533 | 239 | 1526 |0.198 [0.094 [0.169 |0.093 |0.115 | 3722 | 6088 | 7.878 | 1248

Table 4. Mean performance of different genotypes for yield related and nutritional traits in rice. DF days to
50% flowering, DM days to maturity, PH plant height in cm, PL panicle length in cm, SF spikelet fertility, TSW
1000-grain weight in gm, GL grain length in mm, GW grain width in mm, DGL decorticated grain length in
mm, DGW decorticated grain width in mm, LBR length breadth ratio, SYP seed yield per plant in gm, BYP
biological yield per plant in gm, HI harvest index in percentage, AC amylose content in percentage.

Scientific Reports |

(2024) 14:4128 |

https://doi.org/10.1038/s41598-024-53534-x

nature portfolio




www.nature.com/scientificreports/

Characters Range GCV (%) | PCV (%) | Heritability (%) | GA (%)
Days to 50% flowering (d) 90.00-127.50 6.85 7.08 93.70 13.66
Days to maturity (d) 106.50-168.83 | 10.11 10.18 98.64 20.69
Plant height (cm) 83.47-137.97 | 14.43 14.47 99.39 29.63
Panicle length (cm) 19.56-31.56 9.66 10.05 92.35 19.12
Spikelet fertility (%) 61.79-89.48 7.04 7.16 96.68 14.27
Thousand seed weight (g) 15.03-30.22 14.14 14.46 95.63 28.48
Grain length (mm) 7.14-9.66 7.90 7.97 98.22 16.13
Grain breadth (mm) 2.22-3.14 8.11 8.26 96.42 16.41
Decorticated Grain length (mm) 5.08-7.56 10.20 10.30 98.15 20.82
Decorticated Grain breadth (mm) 1.89-2.80 9.48 9.65 96.62 19.20
Length : Breadth ratio 1.99-3.69 15.57 15.62 99.32 31.96
Seed yield per plant (g) 8.55-32.73 36.99 38.23 93.61 73.72
Biological yield per plant (g) 21.38-61.69 | 27.76 28.59 94.24 55.51
Harvest index (%) 30.78-55.75 14.65 16.86 75.43 26.20
Amylose content (%) 4.38-24.70 31.26 31.41 99.02 64.07

Table 5. Estimates of genetic parameters for various characters for yield related and nutritional traits in rice.
GCV genotypic coefficient of variation, PCV phenotypic coefficient of variation, GA genetic advance.

120
100
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Figure 2. Estimates of genetic parameters for yield and nutritional traits. GCV= Genotypic coeflicient of
variation, PCV=Phenotypic coeflicient of variation, Heritability= Heritability, GA= Genetic advance. Traits

are DFL= Days to 50% flowering, DM= Days to maturity, PH= Plant height, PL= Panicle length, SF= Spikelet
fertility, TGW= Thousand grain weight, GL= Grain length, GB=Grain breadth, DGL= Decorticated grain
length, DGB=Decorticated grain breadth, LBR=Length breadth ratio, GYP= Grain yield per plant, BYP=
Biological yield per plant, HI= Harvest index, AC= Amylose content. All the genetic parameters are expressed in
percentage (%).

High phytochemical activity in pigmented rice genotypes

The estimates of mean square due to genotype were highly significant for all the traits such as total phenol content
(TPC), total antioxidant activity, and anthocyanin content indicating sufficient variation among the genotypes
studied in Table 6. In our study, all the pigmented rice genotypes contained a higher amount of phenolic com-
pound than a non-pigmented form of rice presented in Table 7. The TPC ranged from 197.74 mg in Lal aus to

Mean squares
Source of variation | df Total phenol content | Antioxidant activity | Anthocyanin content
Treatment 29 23,322.28** 1658.58** 4710.72**
Error 30 0.63 0.73 15.50
CV% 0.41 2.44 10.04

Table 6. Analysis of variance for Phytochemical property. **Significant at 1% level.
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Total phenol content (mg catechol Total anthocyanin content (ug cyanidin
SL no. Variety name equivalent per 100 g) DPPH free radical scavenging activity (%) | chloride equivalent per 100 g)
1 Bahadur 57.58 12.86 12.08
2 Ranjit 122.06 15.48 5.67
3 Chittimutylu 91.27 12.74 12.08
4 DRR Dhan 45 127.01 16.43 0.00
5 Bora (Nogaon) 262.41 69.64 88.17
6 Dimraw 251.12 55.48 71.01
7 Banglami 262.88 55.83 83.42
8 Ausjoria 278.74 58.93 59.22
9 Kajoli chokuwa 252.52 62.26 139.87
10 Khau pakhi 1 266.14 68.45 57.98
11 Lalaus 197.74 65.24 83.42
12 Jengoni 308.60 89.40 127.05
13 Tulashi bora 554.40 89.05 152.07
14 Katuktara 233.11 54.40 90.45
15 Ikhojoy 368.14 74.52 90.65
16 Kola ahu 343.69 78.21 71.01
17 Joha bora 159.85 9.28 0.00
18 Nagina 22 102.37 11.31 3.39
19 Krishna 93.60 13.93 0.91
20 Jyotiprasad 113.29 13.33 5.46
21 IR10M210 117.95 11.66 0.00
22 Kmj13A-6-1-2 82.49 12.29 0.50
23 Solpuna 98.17 12.02 0.00
24 Herapoa 99.57 12.86 0.70
25 Doriya 169.65 13.93 11.66
26 Kobra badam 135.96 11.67 0.00
27 IR95048:1-B-11-20-10-GBS | 124.95 12.62 0.00
28 IR 95,040:12-B-3-10-2-GBS | 152.67 12.74 0.00
29 Dhirendra 170.21 13.33 0.29
30 Dikhow 183.09 10.95 9.80
CD 5% 1.15 1.23 5.69
CD 1% 1.54 1.66 7.66
SED 0.56 0.60 2.78

Table 7. Mean table for total phenol, DPPH free radical scavenging activity and anthocyanin content of
different pigmented and non-pigmented rice germplasm of Assam. *Analysis were done at grain moisture
content 12%.

554.40 mg in Tulashi bora, which were pigmented rice genotypes. The DPPH (2,2-diphenyl-1-picrylhydrazyl)
free radical scavenging activity in brown rice samples ranged from 59.40 to 89.40% in pigmented rice and 9.28%
to 16.43% in non-pigmented rice genotypes. Jengoni was recorded to contain the highest antioxidant activity
followed by Tulashi bora, Kola Ahu, and Ikhojoy. The anthocyanin content recorded in brown rice samples var-
ied from 57.98-152.07 ug in pigmented rice genotypes. It was observed that in some of the non-pigmented rice
genotypes, anthocyanin content was not detected. The highest content of anthocyanin was found in pigmented

TPC AC TAC Fe Zn
TPC 1 0.882** 0.853** 0.182 —0.065
AC 0.882** 1 0.939** 0.218 —-0.081
TAC 0.853** 0.939* 1 0.205 —-0.104
Fe 0.182 0.218 0.205 1 - 0.565**
Zn - 0.065 —-0.081 —-0.104 - 0.565** 1

Table 8. Pearson’s correlation coefficient among the phytochemical traits and micronutrient content. *TPC
total phenol content, AC antioxidant activity, TAC total anthocyanin content, Fe iron content, Zn zinc content.
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glutinous rice variety of Assam i.e. Tulashi bora (152.07 pg); followed by Kajoli chokuwa (139.87 pg) and Jengoni
(127.05 pg).

Fe and Zn accumulation is independent of coloration

Pearson’s correlation coefficient among the phytochemical traits and micronutrient content mainly, Fe and Zn
content were presented in Table 8. A highly significant positive (0.882") correlation was observed between the
concentration of TPC and the antioxidant activity in colored rice grains. Also, a positive (0.939”) correlation
was observed between antioxidant activity and anthocyanin content. A weak positive correlation (0.182) was
observed between TPC and Fe content but was statistically not significant; however, a negative correlation was
recorded between TPC and Zn content. Our results suggest that there is no direct relation between Zn content
and phenol content. Also, there were no significant correlation was observed between Fe and Zn content with
antioxidant activity. A positive correlation (0.071) was observed between Fe and Zn content when correlation
was studied for 204 genotypes (Supplementary Table S4). However, a negative correlation was observed between
Fe content and Zn content in 30 selected genotypes because the selection was based on the levels of Fe or Zn in
each genotype. We found that the pigmentation in the colored rice aleurone is not linked with levels of Fe and
Zn in rice genotypes used for this study.

Transcriptional regulation of Fe, Zn, and anthocyanin content

The Ferritin 1 (Fe 1) gene (AF519570) is responsible for iron storage and helps to protect plants from oxidative
stress. Significantly higher (3.904-fold) levels of expression of this gene were observed at the booting stage in
the IRRI line IR 95040:12-B-3-10-2-GBS, however, down-regulation of the Fe I gene was observed at the post-
anthesis and grain-filling stage (Table 9 and Fig. 3a). Similarly, Ferritin 2 (AF519571) gene which is related to Fe
regulation and accumulation in plants was significantly higher (3.85-fold) in the IRRI line, IR 95040:12-B-3-10-
2-GBS at the booting stage and post-anthesis but not during the gran filling stage (Table 9 and Fig. 3b). Interest-
ingly, in Bora (Nagaon) and DRR Dhan 45 genotypes the levels of the Fe 2 gene were found to be significantly
higher at the booting stage [Bora (Nagaon); 2.63-fold and DRR Dhan 1.59-fold]. In the case of DRR Dhan 45,
the levels of expression of Fe 2 were found to be lower compared to the controls at the booting and post-anthesis
stages. At the grain-filling stage up-regulation of the Fe 2 gene was found only in Bora (Nagaon), the remaining
genotypes showed down-regulation of the gene.

In our study, the expression of Zn transporter-like protein 1(OsZIP1, NM_001397949) involved in zinc
transportation was also studied. The OsZIP1 (ZIP1) gene was found to be downregulated at the booting and
post-anthesis stage in both the high zinc-containing variety Bora (Nagaon) and DRR Dhan 45. However, at the
grain-filling stage, the levels of expression were found to be up-regulated [Bora (Nagaon); 1.827-fold and DRR
Dhan; 1.145-fold] in both the cultivars (Table 9 and Fig. 4a). As expected, the low Zn genotype Jengoni showed
down-regulation of ZIP1 at booting and post-anthesis stages with moderate levels of up-regulation (0.559-fold)
at the grain-filling stage. In the case of the IRRI line; IR 95040:12-B-3-10-2-GBS, significant up-regulation
was recorded at the booting (2.763-fold) followed by down-regulation at post-anthesis and grain filling stages.
Another Zn transporter gene named Zn-regulated transporter-like protein 4(OsZIP4) (LOC4344937) showed
significant up-regulation in all the varieties at all stages except in Bora (Nagaon) at the booting stage. The variety
Bora (Nagaon) showed significant up-regulation of ZIP4 at the post-anthesis (3.193-fold) and grain-filling stage
(1.793-fold). The highest levels of up-regulation of this gene were recorded in DRR Dhan 45 (a high Zn released
genotype) with a fold change of 7.382, 7.897, and 5.028-fold at booting, post-anthesis, and grain filling stage,
respectively Table 9 and Fig. 4b.

The anthocyanidin synthase gene is responsible for the accumulation of anthocyanin in seeds and other plant
parts. Anthocyanidin synthase gene (Y07955) was upregulated in highly pigmented varieties, Bora (Nagaon) at
the booting and post-anthesis stage, and in the genotype Jengoni, at the grain-filling stage. The biochemical
assays also showed high levels of accumulation of anthocyanin in Bora (Nagaon) and Jengoni. In the case of Bora
(Nagaon), at the grain-filling stage, this gene was down-regulated although the pericarp showed reddish color
deposition Table 9 and Fig. 5a. This implies the development of aleurone color in this genotype may be regulated
by other genetic and environmental factors. The flavanone 3-dioxygenase 1-like (FDOI) gene (LOC9270463) is
reported to be associated with the generation and accumulation of anthocyanins in plants. Significantly higher
levels of expression of the FDOI gene were recorded in Bora (Nagaon) and Jengoni at different growth stages
(Table 9 and Fig. 5b). At the grain-filling stage, Bora (Nagaon) and Jengoni showed about 6.302-fold and 5.827-
fold changes in gene expression, respectively. In the Bora (Nagaon) variety, up-regulation (4.159-fold) of the
FDOI gene was observed at booting followed by post-anthesis (2.363-fold). At the grain-filling stage, a signifi-
cant (6.302-fold) up-regulation was observed in Bora (Nagaon). Chalcone-flavanone isomerase-like (CFI) gene
(LOC4334588), an anthocyanin biosynthesis-related gene, was found to be expressed in a highly significant
manner in pigmented genotype Bora (Nagaon) at post-anthesis and grain filling stage with a fold change of 1.921
and 2.987, respectively (Table 9 and Fig. 5¢). In the case of Jengoni, a higher level of expression of the CFI gene
is recorded at the booting (2.4-fold) and post-anthesis stage (3.4-fold).

Discussion

A few accessions of rice maintained at the Directorate of Rice Research (DRR), Hyderabad, India were reported to
have the highest concentration of Fe and Zn*'. In these accessions Fe concentration ranged from 6.2 to 71.6 ppm,
while Zn content ranged from 26.2 to 67.3 ppm®'. Thus, the traditional brown germplasm of Assam might be a
good source of breeding material for the biofortification of popular rice cultivars using conventional, acceptable,
non-transgenic methods. The nutritive value of rice may vary according to genotypic variation along with several
external environmental factors such as soil fertility status, the degree of milling, and the method of preparation
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Figure 3. Levels of expression of Fe-regulated genes Ferritin 1 (a) and Ferritin 2 (b)in rice at various stages

of growth. an Expression of Ferritin 1 gene. Expression of Ferritin 2 gene. Ubiquitin 10 was used as reference
gene and Bahadur genotype was used as control. The y-axis indicates the fold change increase/decrease in

the expression level of the genes. The x-axis represents the different genotypes used in study. Bars represent
Mean + SEM. * P-value < 0.05, ** P-value < 0.01 and *** P-value < 0.0001. The different color bars indicate the
expression of the genes in different genotypes at various rice stages. Black color bars indicate the expression of
genes at booting stage using leaf sample, light grey at post anthesis in leaf sample and dark grey at grain filling
stage in grain sample.
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Figure 4. Levels of expression of Zn-regulated genes Zn-regulated transporter-like protein 1(OsZIPI; a)

and Zn- regulated transporter-like protein 4(OsZIP; b) in rice at various stages of growth. Expression of
Zn-regulated transporter-like protein 1(OsZIPI) gene. b Expression of Zn-regulated transporter-like protein
4(OsZIP4) gene. Ubiquitin 10 was used as reference gene and Bahadur genotype was used as control. The

y-axis indicates the fold change increase/decrease in the expression level of the genes. The x-axis represents

the different genotypes used in study. Bars represent Mean + SEM. * P-value < 0.05, ** P-value < 0.01 and ***
P-value < 0.0001. The different color bars indicate the expression of the genes in different genotypes at various
rice stages. Black color bars indicate the expression of genes at booting stage using leaf sample, light grey at post
anthesis in leaf sample and dark grey at grain filling stage in grain sample.

before consumption®. In our study, Fe content was found highest in the unpolished, brown form of rice seeds of
genotype Jengoni, and the highest Zn content was recorded in Bora (Nagaon). Most of the traditional genotypes
or landraces are found to have high Fe and Zn content. There is a report on a few indigenous pigmented rice geno-
types of Assam containing high Fe and Zn in brown rice form'. Other reports are also available on rice genotypes
containing high Fe ranging from 6.2 to 186 ug g! in the grains®>**-*. Also, available reports suggested that a few
indigenous rice accessions of India have high (>35 ppm) Zn®'. Vanlalsanga et al., (2019) investigated the Zn
levels of 65 indigenous rice cultivars from different states in NE India and found that the Badalsali cultivar from
Assam had >75.8 pg g Zn, while Manipur’s Kapongla accumulated the lowest (17.98 pg g™') Zn in the grains.
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Figure 5. Levels of expression of anthocyanin biosynthesis and accumulated-related genes Anthocyanidin
synthase (a), Flavanone 3-dioxygenase 1 (b) and Chalcone-flavonone isomerase (c) gene in rice at various stages
of growth. a Expression of Anthocyanidin synthase gene. b Expression of Flavanone 3-dioxygenase 1 gene and

¢ Expression of Chalcone-flavonone isomerase gene. Ubiquitin 10 was used as reference gene and Bahadur
genotype was used as control. The y-axis indicates the fold change increase/decrease in the expression level of
the genes. The x-axis represents the different genotypes used in study. Bars represent Mean + SEM. * P-value <
0.05, ** P-value < 0.01 and *** P-value < 0.0001. The different color bars indicate the expression of the genes in
different genotypes at various rice stages. Black color bars indicate the expression of genes at booting stage using
leaf sample, light grey at post anthesis in leaf sample and dark grey at grain filling stage in grain sample.

There is a common perception among people that pigmented rice genotypes contain higher micronutrients
than non-pigmented rice. In our study, we found that Fe and Zn concentrations are not related to the pigmenta-
tion, which might be due to the presence of the bran layer in the dehusked grain. Pigmented rice varieties are
subject to minimum processing with only pre-cleaning, dehusking, and separation; therefore, bran and germ
are left intact®”. There are various reports on less Zn and Fe content due to prolonged polishing®*. Thus, rice
grain Fe content will also vary with the degree of milling/polishing®’. The extent of differential partitioning of
Fe and Zn into the panicle and distribution into various grain tissues could be the cause of the variation in the
grain Fe and Zn concentrations®.

In white rice, nearly 70% of Zn was allocated to the endosperm, compared to only 43% for Fe. Because of the
genotypic variation, the degree of milling and partitioning of Fe and Zn into different regions of the grain; milling
loss of Fe and Zn might vary. It implied Fe and Zn concentrations in polished rice should not be based entirely
on Fe and Zn concentrations in the rice in brown form. Hence, our study implied that with minimum milling
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during processing and if the aleurone layer is kept intact, it may result in higher nutritional value concerning
Fe and Zn irrespective of its aleurone color. Therefore, the common perception of higher micronutrient content
in pigmented rice may not always be correct, but it may be more interlinked to the degree of milling. Therefore,
the utilization of brown rice in various rice products such as flaked rice popped rice and puffed rice may lead to
improvement of Fe and Zn nutrition among the rice-eating population.

We recorded that a few genotypes such as Jengoni, Kajoli chokuwa, Khau Pakhi 1, Joha Bora, and Herapoa
had high Fe and Zn content with high phytochemical properties. These genotypes were also found to have high
seed yield per plant along with biological yield per plant. Moreover, plant height of genotypes, Kajoli chokuwa,
Khau Pakhi 1, and Joha Bora, was also recorded to be taller (131 cm to 137 cm). Therefore, these genotypes can
be considered promising genotypes for future breeding programs.

As spikelet fertility is a major determinant of grain yield*,, there is a significant positive correlation between
spikelet fertility with grain yield. We have observed that some traditional Sali (winter) genotypes from Assam
and Joha (aromatic) genotypes have high spikelet fertility. Therefore, the selection of these genotypes with high
spikelet fertility could be useful in any breeding program.

The magnitude of phenotypic coeflicients of variation was higher than genotypic coeflicients of variation for
all the traits in our study, indicating that the environment may have an impact on their phenotypic expression**=*.
However, for all the traits, the difference between GCV and PCV was less, indicating a higher correlation between
phenotype and genotype, less environmental effect, and greater importance of genetic factors in quantitative
and qualitative trait expression*®. High estimates of GCV and PCV revealed that all the traits were affected by
environmental variation and had a wide range of variability, allowing simple selection for further improvement.
High to moderate GCV and PCV indicated the presence of high genetic variability within the genotypes. How-
ever, high heritability and genetic advancement would be more useful in selection criteria®’. Most of the traits
were recorded for high heritability in concurrence with high genetic advance, indicating additive gene effects*®.

Large variability was found for phytochemical content in both pigmented and non-pigmented rice geno-
types. We observed similar results as reported in previous studies, which suggest that pigmented rice genotypes
contain higher TPC, antioxidant activity (DPPH free radical scavenging activity), and anthocyanin content
than non-pigmented ones'”*->!. Three times higher total antioxidant activities than the non-pigmented rice
were reported by other reports®**. In our study, the genotypes estimated with higher TPC also exhibited high
antioxidant activities. Therefore, the study suggested that phenolic compounds including anthocyanins might
be primarily associated with the antioxidant activity of rice grains. Also, a highly significant positive correlation
was observed in our study between the concentration of total phenolics, antioxidant activity, and anthocyanin
in rice grains"!®**. Previous studies reported that the antioxidant capacity of rice increased due to a higher
accumulation of anthocyanin®>®.

In our investigation, it was recorded that there is no direct significant correlation between the iron and zinc
content with other phytochemical content. It implied that phytochemical activities are genotype-specific and the
presence of these may be independent of each other. Iron concentration had a considerable negative correlation
with rice grain color characteristics and we obtained similar results in our study'®. Our study also signifies that
the nutritive value of pigmented rice genotypes is high relating to higher antioxidant activities but the composi-
tion of micronutrients like Zn and Fe may not be sufficiently high. It was reported that the phenolic compounds
are mainly associated with the pericarp in rice, however, after milling the concentration of these components in
the grain is reduced. Therefore, studying the phenolic and other phytochemical contents in different degrees of
polishing of grain and their correlations with different grain layers is crucial. A positive correlation was observed
between Fe and Zn content when correlation was studied for 204 genotypes. However, a negative correlation was
observed between Fe content and Zn content within 30 genotypes as selection was based on high Fe or high Zn
content. Within these 30 genotypes, some genotypes either have high Fe or high Zn, which indicates the presence
of component compensation between the two traits®®. The increase in one trait or component is accompanied
by a reduction in other components. Other researchers also observed a positive correlation (0.08) between Fe
and Zn for 126 accessions or genotypes®'.

Plants employ complicated physiological mechanisms at various levels within the rice plant to uptake, mobi-
lize, transport, and load micronutrients into grains. Rice has many genes for micronutrient absorption, transloca-
tion, and homeostasis. Ferritin 1 and Ferritin 2 are two Fe transporter genes that are active in roots and shoots’.
Ferritins (particularly OsFER2) play a more important role in rice plant growth as part of a defensive mechanism
against iron-mediated stress than as an iron-storage protein®. As a result, ferritins appear to have no major role
as iron-storage proteins in rice grains. In our study, Ferritin 1 and Ferritin 2 genes were expressed at high levels in
the leaves, mainly at booting stages as expected. It was reported that iron overload resulted in increased mRNA
accumulation of both ferritin genes in seedlings and leaves, with OsFER2 being preferentially elevated*®. In our
study, also the expression of OsFER2 was higher than OsFERI in both the stages of leaves (at booting and post-
anthesis). In cultivar Bora (Nagaon), both Ferritinl and Ferritin 2 genes were upregulated during various growth
stages. However, biochemical analyses showed a moderate level of Fe in grains. It implied that the genes were
expressed but accumulation in the grains was less. The results warrant the involvement of different genes other
than the tested ones. However, the presence of gene interaction and change in post-translational modification
may be a significant factor in the accumulation of Fe in the matured grain.

Based on the previous reports, it was found that many of the ZIP family genes are triggered when Zn or Fe
levels are deficient. OsZIP1 was discovered to be a rice Zn transporter triggered by Zn deficiency®-*!. OsZIP1 is
expressed in the vascular bundles of shoots and the vascular bundles and epidermal cells of roots **¢'. OsZIP1
is involved primarily in Zn uptake in roots and Zn homeostasis in shoots*. Therefore, down-regulation in high
Zn-containing variety at the booting and post-anthesis stage followed a similar trend as reported, previously.
However, the present results warrant the inclusion of more pathway genes for Zn accumulation in the rice grain
for conclusive remark. Previous researchers have also found that zinc availability, which is controlled by zinc
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sources, alters the expression patterns of ZIPI in rice shoots. Fe sufficiency also lowered ZIP1 expression in
the roots and shoots®. However, unlike ZIP1, ZIP4 expression is not affected by Fe®*®%. The present study also
found that the expression of ZIPI was lower than ZIP4; which might be due to the Fe sufficiency in the plants.

The development of color in the rice grain is associated with many genetic and environmental factors. Down-
regulation of the anthocyanin-related gene in pigmented rice genotypes might be due to their stage-specific
expression. It also implies possibilities of association of other genetic and environmental factors in the develop-
ment of grain color. The role of anthocyanin as an antioxidant and its association with various biotic and abiotic
defense mechanisms has been reported in various scientific studies. However, as per our biochemical studies,
higher phenol content and antioxidant activities were recorded in the pigmented genotypes Jengoni and Bora
(Nagaon). This phytochemical property might lead to the presence of aleurone color in these genotypes. Hence,
our study suggested that the color development of rice aleurone is not solely dependent on anthocyanin bio-
synthesis. There is also no direct association between Fe, Zn content, and aleurone color. They have a different
pathway of their own. Reports are also available on the expression pattern of aleurone color which may involve
different regulatory genes in the anthocyanin biosynthesis pathway, and it may be genotype-specific’. Moreover,
tissue-specific expression of the genes with environmental effects may be another cause of the development of
color in rice aleurone®. It is reported that as the seed matured, the expression of anthocyanin biosynthesis genes
increased®. There is also a report available that the effect of temperature is one of the causes of the expression of
anthocyanin biosynthesis genes®. Therefore, it is proposed to evaluate the level of gene expression at different
days of interval at the grain filling stages and different temperatures.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary
information files].

Received: 4 October 2023; Accepted: 1 February 2024
Published online: 19 February 2024

References
1. Mudoi, T. & Das, P. A study on phytochemicals and mineral content of indigenous red rice of Assam, India. Int. J. Curr. Microbiol.
Appl. Sci. 8(4), 1-12 (2019).
2. Rerkasem, B., Jumrus, S., Yimyam, N. & Prom-u-thai, C. Variation of grain nutritional quality among Thai purple rice genotypes
grown at different locations. Sci. Asia 41, 377-385 (2015).
3. Fongfon, S., Prom-U-Thai, C., Pusadee, T. & Jamjod, S. Responses of purple rice genotypes to nitrogen and zinc fertilizer applica-
tion on grain yield, nitrogen, zinc, and anthocyanin concentration. Plants 10(8), 1717 (2021).
4. Jaksomsak, P, Rerkasem, B. & Prom-U-Thai, C. Variation in nutritional quality of pigmented rice varieties under different water
regimes. Plant Prod. Sci. 24(2), 244-255 (2021).
5. Yamuangmorn, S. & Prom-u-Thai, C. The potential of high-anthocyanin purple rice as a functional ingredient in human health.
Antioxidants 10(6), 833 (2021).
6. Valarmathi, R., Raveendran, M., Robin, S. & Senthil, N. Unraveling the nutritional and therapeutic properties of ‘Kavunia tradi-
tional rice variety of Tamil Nadu. J. Plant Biochem. Biotechnol. 24, 305-315 (2014).
7. Bhat, E. M. & Riar, C. S. Health benefits of traditional rice varieties of temperate regions. Med. Aromat. Plants 4, 198 (2015).
8. Calpe, C. Rice International Commodity Profile (Food and Agricultural Organization of the United Nations, 2006).
9. Yawadio, R., Tanimori, S. & Morita, N. Identification of phenolic compounds isolated from pigmented rices and their aldose
reductase inhibitory activities. Food Chem. 101(4), 1616-1625 (2007).
10. Bhat, E. M. et al. Status of bioactive compounds from bran of pigmented traditional rice varieties and their scope in production of
medicinal food with nutraceutical importance. Agronomy 10(11), 1817 (2020).
11. Kehrer, J. P. Free radicals as mediators of tissue injury and disease. Crit. Rev. Toxicol. 23, 21-48 (1993).
12. Igbal, S., Bhanger, M. I. & Anwar, F. Antioxidant properties and components of some commercially available varieties of rice bran
in Pakistan. Food Chem. 93(2), 265-272 (2005).
13. Sompong, R., Siebenhandl-Ehn, S., Linsberger-Martin, G. & Berghofer, E. Physicochemical and antioxidative properties of red
and black rice varieties from Thailand, China and Sri Lanka. Food Chem. 124(1), 132-140 (2011).
14. Chen, X. Q., Nagao, N, Itani, T. & Irifune, K. Anti-oxidative analysis, and identification and quantification of anthocyanin pig-
ments in different coloured rice. Food Chem. 135(4), 2783-2788 (2012).
15. Pereira-Caro, G. et al. Phytochemical profile of a Japanese black-purple rice. Food Chem. 141(3), 2821-2827 (2013).
16. Yodmanee, S., Karrila, T. & Pakdeechanuan, P. Physical, chemical and antioxidant properties of pigmented rice grown in Southern
Thailand. Int. Food Res. J. 18, 901-906 (2011).
17. Pengkumsri, N. et al. Physicochemical and antioxidative properties of black, brown and red rice varieties of northern Thailand.
Food Sci. Technol. Campinas 35(2), 331-338 (2015).
18. Ito, V. C. & Lacerda, L. G. Black rice (Oryza sativa L.): A review of its historical aspects, chemical composition, nutritional and
functional properties, and applications and processing technologies. Food Chem. 301, 125304 (2019).
19. Moonnilta, P. Genetic diversity of local purple glutinous rice varieties [Master’s thesis]. Chiang Mai University, 1-100. (in
Thai) (2010).
20. Jaksomsak, P., Yimyam, N., Dell, B. & Rerkasem, B. Variation of seed zinc in a local upland rice germplasm from Thailand. Plant
Genet. Resour. 13(2), 168-175 (2015).
21. Jamjod, S., Yimyam, N., Lordkaew, S., Prom-U-Thai, C. & Rerkasem, B. Characterization of on-farm rice germplasm in an area of
the crop’s center of diversity. Chiang Mai J. Sci 16, 85-98 (2017).
22. Pintasen, S., Prom-u-Thai, C., Jamjod, S., Yimyam, N. & Rerkasem, B. Variation of grain iron content in a local upland rice germ-
plasm from the village of Huai Tee Cha in northern Thailand. Euphytica 158, 27-34 (2007).
23. Min, B, Chen, M. H. & Green, B. W. Antioxidant activities of purple rice bran extract and its effect on the quality of low-NaCl,
phosphate-free patties made from channel catfish (Ictalurus punctatus) belly flap meat. J. Food Sci. 74(3), C268-C277 (2009).
24. Xia, D. et al. How rice organs are colored: The genetic basis of anthocyanin biosynthesis in rice. Crop J. 9(3), 598-608 (2021).
25. Shipp, J. & Abdel-Aal, E. S. Food applications and physiological effects of anthocyanins as functional food ingredients. Open Food
Sci. J. 4,7-22 (2010).
26. Zheljazkov, V. D. & Nielson, N. E. Effect of heavy metals on peppermint and cornmint. Plant Soil 178(1), 59-66 (1996).

Scientific Reports |

(2024) 14:4128 | https://doi.org/10.1038/s41598-024-53534-x nature portfolio



www.nature.com/scientificreports/

27.

28.

29.

30.

Singleton, V. L., Orthofer, R. & Lamuela-Raventés, R. M. Analysis of total phenols and other oxidation substrates and antioxidants
by means of Folin-Ciocalteu reagent. Methods Enzymol. 299, 152-178 (1999).

Brand-Williams, W., Cuvelier, M. E. & Berset, C. L. W. T. Use of a free radical method to evaluate antioxidant activity. LWT Food
Sci. Technol. 28(1), 25-30 (1995).

Abdel-Aal, E. S. & Hucl, P. A rapid method for quantifying total anthocyanins in blue aleurone and purple pericarp wheat. Cereal
Chem. 76(3), 350-354 (1999).

Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2724¢T method.
Methods 25(4), 402-408 (2001).

31. Anuradha, K. et al. Evaluating rice germplasm for iron and zinc concentration in brown rice and seed dimensions. J. Phytol. 4(1),
19-25 (2012).

32. Priya, T. R., Nelson, A. R. L. E., Ravichandran, K. & Antony, U. Nutritional and functional properties of coloured rice varieties of
South India: A review. J. Ethn. Foods 6(1), 1-11 (2019).

33. Zubair, M., Anwar, E, Alj, S. & Igbal, T. Proximate composition and minerals profile of selected rice (Oryza sativa L.) varieties of
Pakistan. Asian J. Chem. 24(1), 417-421 (2012).

34. Thongbam, P. D. et al. Studies on grain and food quality traits of some indigenous rice cultivars of North-Eastern hill region of
India. J. Agric. Sci. 4,259-270 (2012).

35. Neelamraju, S. et al. Increasing iron and zinc in rice grains using deep water rices and wild species-identifying genomic segments
and candidate genes. Qual. Assur. Saf. Crops Foods 4(3), 138 (2012).

36. Vanlalsanga, S. S. P. & Singh, Y. T. Rice of Northeast India harbor rich genetic diversity as measured by SSR markers and Zn/Fe
content. BMC Genet. 20(1), 79 (2019).

37. Prom-u-thai, C,, Jamrus, S., Jaksomsak, P, Rouached, H. & Rerkasem, B. Iron zinc and total antioxidant capacity in different layers
of rice grain among different varieties. Int. J. Agric. Biol. 10, 15 (2016).

38. Sellappan, K., Datta, K., Parkhi, V. & Datta, S. K. Rice caryopsis structure in relation to distribution of micronutrients (iron, zinc,
B-carotene) of rice cultivars including transgenic indica rice. Plant Sci. 177(6), 557-562 (2009).

39. Reddy, C. K., Kimi, L., Haripriya, S. & Kang, N. Effects of polishing on proximate composition, physico-chemical characteristics,
mineral composition and antioxidant properties of pigmented rice. Rice Sci. 24(5), 241-252 (2017).

40. Rao, D. S. et al. Assessment of grain zinc and iron variability in rice germplasm using energy dispersive X-ray fluorescence spec-
trophotometer. J. Rice Res. 7(1), 45-52 (2014).

41. Verma, R. K. et al. Genome-wide association studies for agronomical traits in winter rice accessions of Assam. Genomics 113(3),
1037-1047 (2021).

42. Ahamed, M. S. et al. Analysis of genetic variability, heritability and correlation among Bangladeshi local rice cultivars (Oryza sativa
L.). Pak. ]. Agric. Res. 34(2), 356-361 (2021).

43. Ogunbayo, S. A. et al. Genetic variation and heritability of yield and related traits in promising rice genotypes (Oryza sativa L.).
J. Plant Breed. Crop Sci. 6(11), 153-159 (2014).

44. Mani, B. R. & Kumar, B. M. Morphological characterization of rice (Oryza sativa L.) landraces of the hilly zone of Karnataka.
Indian J. Plant Genet. Resour. 31(3), 328-331 (2018).

45. Neupane, N. Correlation and variability among yield and yield attributes of advance rice genotypes in rainfed condition, Munich,
GRIN Verlag, https://www.grin.com/document/433551 (2018).

46. Pathak, K., Rathi, S., Verma, H., Sarma, R. N. & Baishya, S. Variability in Grain Quality Characters of Local Winter (Sali) Rice of
Assam, India. Indian J. Plant Genet. Resour. 29(1), 22-31 (2019).

47. Johnson, S. C. Hierarchical clustering schemes. Psychometrika 32(3), 241-254 (1967).

48. Panse, V. G. Genetics of quantitative characters in relation to plant breeding. Indian J. Genet. 17, 318-329 (1957).

49. Goffman, E D. & Bergman, C. J. Rice kernel phenoliccontent and its relationship with antiradical efficiency. J. Sci. Food. Agric. 84,
1235-1240 (2004).

50. Kesarwani, A., Chiang, P. Y., Chen, S. S. & Su, P. C. Antioxidant activity and total phenolic content of organically and convention-
ally grown rice cultivars under varying seasons. J. Food Biochem. 37(6), 661-668 (2013).

51. Hanifa, A. P.,, Millner, J. P., Mc Gill, C. R. M. & Sjahril, R. Total anthocyanin, flavonoid and phenolic content of pigmented rice
landraces from South Sulawesi. In IOP Conference Series: Earth and Environmental Science, 484, No. 1 012036 (IOP Publishing,
2020).

52. Finocchiaro, F. et al. Characterization of antioxidant compounds of red and white rice and changes in total antioxidant capacity
during processing. Mol. Nutr. Food Res. 51, 1006-1019 (2007).

53. Finocchiaro, F, Ferrari, B. & Gianinetti, A. A study of biodiversity of flavonoid content in the rice caryopsis evidencing simultane-
ous accumulation of anthocyanins and proanthocyanidins in a black-grained genotype. J. Cereal Sci. 51, 28-34 (2010).

54. Ghasemzadeh, A., Karbalaii, M. T,, Jaafar, H. Z. E. & Rahmat, A. Phytochemical constituents, antioxidant activity, and antiprolif-
erative properties of black, red, and brown rice bran. Chem. Cent. J. 12,17 (2018).

55. Walter, M. & Marchesan, E. Phenolic compounds and antioxidant activity of rice. Braz. Arch. Biol. Technol. 54, 371-377 (2011).

56. Rasmusson, D. C. An evaluation of ideotype breeding 1. Crop Sci. 27(6), 1140-1146 (1987).

57. Boonyaves, K., Gruissem, W. & Bhullar, N. K. NOD promoter-controlled AtIRT1 expression functions synergistically with NAS
and FERRITIN genes to increase iron in rice grains. Plant Mol. Biol. 90(3), 207-215 (2016).

58. Stein, R. J., Ricachenevsky, F. K. & Fett, J. P. Differential regulation of the two rice ferritin genes (OsFER1 and OsFER2). Plant Sci.
177(6), 563-569 (2009).

59. Ramesh, S. A, Shin, R., Eide, D.J. & Schachtman, D. P. Differential metal selectivity and gene expression of two zinc transporters
from rice. Plant Physiol. 133(1), 126-134 (2003).

60. Lee, S. et al. OsZIP5 is a plasma membrane zinc transporter in rice. Plant Mol. Biol. 73(4-5), 507-517 (2010).

61. Ishimaru, Y. ef al. Rice plants take up iron as an Fe** phytosiderophore and as Fe?*. Plant J. 45(3), 335-346 (2006).

62. Ishimaru, Y. et al. Overexpression of the OsZIP4 zinc transporter confers disarrangement of zinc distribution in rice plants. J. Exp.
Bot. 58(11), 2909-2915 (2007).

63. Kim, B. G. et al. Anthocyanin content in rice is related to expression levels of anthocyanin biosynthetic genes. J. Plant Biol. 50(2),
156-160 (2007).

Acknowledgements

The facilities and funds provided by the Assam Agricultural University, Jorhat are gratefully acknowledged. The
fund provided through the IRRI-AAU collaboration project is also acknowledged.

Author contributions

S.G. collected the samples, performed all the experiments, and analyzed data; S.S. and S.A. designed the gene
expression studies, P.D. helped in biochemical assays, B..M., D.S., and R.N.S. co-supervised the work and helped
in the statistical analyses; S.G. and S.A. co-wrote the manuscript. S.D.D. designed experiments, supervised
research activities, and co-wrote the manuscript. All authors approved the final version to be published.

Scientific Reports|  (2024) 14:4128 | https://doi.org/10.1038/s41598-024-53534-x nature portfolio


https://www.grin.com/document/433551

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-53534-x.

Correspondence and requests for materials should be addressed to S.A. or S.D.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:4128 | https://doi.org/10.1038/s41598-024-53534-x nature portfolio


https://doi.org/10.1038/s41598-024-53534-x
https://doi.org/10.1038/s41598-024-53534-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Grain iron and zinc content is independent of anthocyanin accumulation in pigmented rice genotypes of Northeast region of India
	Materials and methods
	Materials
	Growth condition
	Phenotypic characterization
	Phytochemical analysis
	Gene expression

	Results
	Yield potentials of traditional colored rice genotypes
	Additive gene effects in pigmented rice genotypes
	High phytochemical activity in pigmented rice genotypes
	Fe and Zn accumulation is independent of coloration
	Transcriptional regulation of Fe, Zn, and anthocyanin content

	Discussion
	References
	Acknowledgements


