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Abstract: Purple rice is a functional food with health benefits and industrial potentials. In northern
Thailand, purple rice landraces are grown either as wetland or upland rice, in the lowlands and
highlands, in small amounts along with the staple rice. This study examined diversity of 37 accessions
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of purple rice collected from farmers with InDel cytoplasm markers for subspecies differentiation,
16 SSRs markers for within and between accessions variation, and selected grain quality features,
namely, anthocyanin, iron, zinc, and gamma oryzanol content, when grown together as wetland
rice. Most of the purple rice, originally grown as upland rice in both the lowlands and highlands,
were identified as tropical japonica, except the wetland accessions from the lowlands that almost all
belonged to the indica group. A high degree of genetic differentiation was found between the upland
and wetland ecotypes, but none between those from the lowlands and highlands. A highland origin
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of the purple upland rice populations in the lowlands, possibly with adaptation to the upland rice
cultivation of the tropical japonica, is suggested by the close genetic affinity between the highland

and lowland populations of the upland ecotype. Grown in a much smaller area than the staple
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published maps and institutional affil- Purple rice is a valuable genetic resource and cultural heritage with a long history

of cultivation and utilization in many Asian countries. In China, purple rice is used as
traditional medicine [1]. In Korea, it was reported to be consumed as a healthy food, cooked
by mixing with white rice [2]. In Laos, purple rice is consumed on special occasions and
for brewing alcoholic beverages [3]. In addition, purple rice also is distributed in Sri Lanka,
Indonesia, India, the Philippines, Bangladesh, Malaysia, and Myanmar [4]. In Thailand,
purple rice is popular in northern region and northeastern region and it is known locally
for its purple pericarp as “Khao Kum”. In Thailand, purple rice is used in ceremonial and
festive occasions, in preparation of desserts, and in traditional medicine for curing skin
diseases, to stop diarrhea and bleeding after childbirth [5]. Purple rice is consumed without
the removal of the pericarp, embryo, and part of the aleurone layer, by polishing or milling,
which takes place in the production of the staple white or milled rice.
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Discoveries of various phytochemical compounds have led to rising interest in purple
rice as a functional food with potential health benefits to consumers. Anthocyanin, the
major bioactive compound was responsible for the purple to deep purple color (sometimes
called black) in the rice pericarp and other cereals, including corn, barley, and wheat [6].
Anthocyanin has also been detected in red rice, although in much lower concentration
than in purple rice, but not in colorless pericarp [7]. Major anthocyanins in rice were
identified as cyaniding-3-glucoside (C3G) and peonidin-3-glucoside (P3G) which is mostly
localized in the aleurone layer in the pericarp [8-10]. Antioxidative and anti-inflammatory
activities have been ascribed as the key properties of anthocyanin in the prevention of
chronic diseases, such as cancer [11,12], diabetes, and cardiovascular disease [13,14]. In
addition, another bioactive compounds with higher concentration in some pigmented than
some non-pigmented rice genotypes is gamma oryzanol [15,16], which has been found
to promote muscle strength, enhanced innate immunity, lower the cholesterol levels in
the blood and also lowering the risk of coronary heart disease [17-19]. Exceptionally high
concentrations of Fe and Zn, the micronutrients essential to human health that are often
limiting in commonly grown white rice varieties [20,21], have also been identified in some
purple rice varieties.

Thailand is rich in rice genetic resources, with most of the crop grown in the lowlands
as wetland rice, on soil submerged under a few centimeters of water. Upland rice, grown
on aerobic soil on slopes, accounts for a very small proportion of the country’s rice crop [22].
Although most of the rice in Thailand is grown from improved varieties, landraces, and
local varieties are still grown by farmers in the highlands who maintained their own rice
germplasm that includes rice with pigmented pericarp purple rice because their grain
preference and utilization, some landraces adapt to environment and soil acidity [23] and
gall midge [24]. Thus, rice landraces are an important resource for farmers and valued for
useful traits that can contribute to genetic improvement in rice breeding programs. Previ-
ous studies have recorded a rich diversity of on-farm rice germplasm in Thailand [25,26].
Detailed studies of rice landraces have focused on agronomic characteristics and grain
quality [20,27-30] or genetic structure of specific sets of germplasm by molecular analy-
sis [31,32], but rarely both together for the same set of landraces. This study set out to
address this omission for purple rice, on the account of growing interests and expanding
utilities of this special section of the rice germplasm in pharmaceutical and health food
industry on the one hand, and the richness of Thailand’s rice germplasm in landraces with
pigmented pericarp on the other. Therefore, the specific objective of this study was to assess
the genetic diversity and population structure using SSRs markers and to assess variability
of selected grain quality characters in rice grain including anthocyanin, gramma oryzanol,
Fe and Zn concentration among purple rice landraces in northern Thailand collected from
upland and wetland original ecotypes on the lowland and highland altitudes. This informa-
tion is expected to be useful in the germplasm management and enable breeders selected
promising accessions for grain quality improvement efforts by plant breeding program.

2. Materials and Methods
2.1. Plant Material

Seed samples of 37 purple rice landrace accessions were collected in northern Thailand
from farmers’ seed storage. Of these, 20 accessions were from highlands (>500 m asl)
consisting of 19 accessions originally grown as upland rice on aerobic soil and one accession
originally grown as wetland rice on submerged soil. The remaining 17 accessions were
collected from lowlands (<500 m asl) consisting of ten upland rice and seven wetland
rice accessions. In addition, five improved purple rice and four improved colorless rice
varieties were included in this study as standard checks (Table S1). The experiment was
arranged in a completely randomized design (CRD) with three replications. The seeds of
total 46 accessions were germinated in petri dishes and seven days old seedlings were then
transplanted into 30 cm diameter plastic pots at ten plants per pot. The rice plants were
grown under waterlogged condition. The study was conducted during July to November
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2014 at Mae Hia Research Station, Chiang Mai University, Thailand. At tillering, leaf
samples from five individuals per accession were randomly collected and separately kept,
dried with silica gel until DNA extraction and analysis. At the physiological maturity stage,
grain yield per pot was harvested, threshed, and then subsampled for grain quality analysis.

2.2. DNA Analysis

DNAs were extracted from dried leaf samples with cetyl trimethylammonium bromide
(CTAB) [33]. The rice subspecies were identified by a multiplex polymerase chain reaction
(PCR) with three InDel organelle marker, OsC04, OsC11, and OsM04 [34]. PCR was
performed in 10 pL containing 1 pL genomic DNA (20-30 ng/uL), 0.1 pL. ANTPs (100 mM),
1 pL 10x PCR buffer, MgCl, 1.2 uL (50 mM), 0.1 pL forward and reversed primer each
(20 pM), Tag DNA polymerase 0.25 unit, and 6.45 uL distill water. The amplification
comprised of initial denaturation at 95 °C for 2 min followed by 40 cycles of denature at
95 °C for 30 s, annealing at 55 °C for 30 s and extension at 72 °C for 30 s and the final
extension was at 72 °C for 5 min. The PCR product was separated by 10% polyacrylamide
gel electrophoresis with including 50 bp DNA ladder in all gel for consistency in scoring.
The DNA bands were visualized under LED transilluminator (GeneDireX) and calculated
to allele size in bp.

The 16 SSRs markers distributed across 12 rice chromosomes were randomly selected
for genetic diversity and population structure analysis (Table S2). PCR reaction was also
performed in 10 pL containing 1 pL genomic DNA (20-30 ng/pL), 0.1 pL dNTPs (100 mM),
1 pL 10x PCR buffer, MgCl, 1.2 uL (50 mM), 0.1 pL forward and reversed primer each
(20 pM), Tag DNA polymerase 0.25 unit, and 6.45 uL distill water. The amplification
comprised of initial denaturation at 95 °C for 2 min followed by 40 cycles of denature at
95 °C for 30 s, annealing for 30 s at 50-61 depending on SSRs markers and extension at 72 °C
for 30 s and the final extension was at 72 °C for 5 min. The PCR product was separated
by 10% polyacrylamide gel electrophoresis with including 100 bp DNA ladder in all gel
for consistency in scoring. The DNA bands were visualized under LED transilluminator
(GeneDireX) and calculated to allele size in bp.

2.3. Grain Quality Evaluation

Anthocyanin, gamma oryzanol, Fe and Zn concentration were determined in brown
rice, de-husked unpolished grain, samples of the landraces, and check varieties.

2.3.1. Anthocyanin Determination

The monomeric anthocyanin concentration was determined by the pH differential
method [35]. Samples (2.5 g, approximately 120 seeds each) were extracted for anthocyanin
with 24 mL of deionized water at 50 °C for 30 min. Then, 2 mL of the extracted solution was
pipetted into two volumetric flasks each, followed by 23 mL of a potassium chloride buffer
(KCl, 0.025 M pH 1.0) in one of the flask, and 23 mL of a sodium acetate buffer (CH3;COONa,
0.4 M pH 4.5) in the other flask. Absorbance was measured in a spectrophotometer, at
520 nm for KCl buffered and 700 nm CH3COONa buffered solution. Anthocyanin was
expressed as cyanidin-3-glucoside equivalents as follows: anthocyanin pigment (cyanidin-
3-glucoside equivalents, mg/L) = A x MW x DF x 103/¢e x 1; where A = (A520nm—A700nm)
PH 1.0-(A520nm—A700nm) PH 4.5; molecular weight (MW) = 449.2 g/mol for cyanidin-3-
glucoside (cyd-3-glu); DF = dilution factor; I = path length in cm; € = 26,900 molar extinction
coefficient, in L X mol™! x ecm™, for C3G; and 103 = factor for conversion from g tomg.

2.3.2. Gamma Oryzanol Determination

Gamma oryzanol was determined with high performance liquid chromatography
technique (Shimadzu, Japan) [36]. Then, 5 g of rice flour made from brown rice was ex-
tracted for crude fat with dichloromethane by soxhlet extractor for 8 h [37]. The crude fat
was dissolved with 2 mL of hexane and filleted with 0.45 um HPLC system consisted of
Ultra C18 5 pm 250 x 4.6 mm column (Restek, Bellefonte, PA, USA) mobile phase was
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contained methanol, acetonitrile, dichloromethane, and acetic acid (50:44:3:3 v/v/v/v). The
flow rate was 1.4 mL/min and detector were set at 330 nm. The gamma oryzanol concen-
tration (mg/mL) was calculated respecting to linear regression equation from between
standard concentration and area (Table S3 and Figure S1) from total peak area obtained by
chromatogram (Table S4). The gamma oryzanol concentration was expressed as mg/100 g
as follows: gamma oryzanol concentration (mg/100 g) = gamma oryzanol concentration
(mg/mL) X injection volume (mL) x 100/rice sample (g).

2.3.3. Fe and Zn Determination

Zn and Fe concentration were determined by dry ashing method with an atomic
absorption spectroscopy (Hitachi Model Z-8230, Tokyo, Japan) [38,39]. Unpolished grain
samples of (0.5 g each) were dry-ashed in a muffled furnace at 540 °C for 8 h. Each sample
was added 2 mL of hydrochloric acid (1 HCL:1 H,O) solution and incubated at 70 °C for
20 min. The solution of the samples was adjusted with deionized water to a final volume
10 mL, filtered with Whatman No. 1 filter paper and diluted 10 times before determination
of Fe or Zn with an atomic absorption spectroscopy. The Zn and Fe concentration (mg/L)
was calculated respecting to linear regression analysis (Figures S2 and S3, respectively)
from set of standard concentration and absorbance (Tables S5 and S6, respectively). The Zn
and Fe concentration of each sample was expressed as mg/kg (Tables S7 and S8, respec-
tively) as follows: concentration (mg/kg) = concentration (mg/L) x dilution factor/sample
weight (g).

2.4. Data Analysis
2.4.1. Rice Subspecies Identification

The rice subspecies were identified by the electrophoretic DNA pattern from multiplex
PCR with three InDel markers, OsC04, OsC11, and OsM04 [34]. The indica rice presented
114 bp, 94 bp, and 61 bp, respectively. The temperate japonica consisted of 119 bp, 90 bp,
and 70 bp, respectively. The tropical japonica had 119 bp, 94 pb and 70 pb, respectively.

2.4.2. Analysis of Genetic Diversity and Population Structure

The data from microsatellite marker was scored as co-dominant marker from 230 indi-
viduals of 46 genotypes and 16 SSRs markers. The genetic parameters including number of
allele (A), expected heterozygosity (/), average gene diversity (Hg), total gene diversity
(Ht), and genetic differentiation among populations (Fst) were calculated at the accession,
ecotype and altitude levels using FSTAT version 2.9.3 [40]. The pairwise genetic differ-
entiation (Fgt) among 37 landraces, five improved purple rice checks and four improved
colorless checks and among ecotype and altitude within landraces were also calculated
using FSTAT with significance assessed through bootstrap analysis (10,000 replicates).

The population structure was inferred by distance-based approaches. The unweighted
pair-groups method using arithmetic averages (UPGMA) was constructed using Mega
software V 7.0 based on Nei's genetic distance calculated by PowerMarker V 3.0 [41-43].
The principal coordinated analysis (PCoA) was analyzed based on pairwise genetic distance
using GeneAlEx V 6.5 for illustrating the two-dimensional spatial representation of genetic
differentiation between ecotypes across altitudes [44]. The molecular variance (AMOVA)
of 37 purple rice accessions was also analyzed for partitioning genetic variance among the
three levels of hierarchical set including altitude, ecotype, and individual within ecotype
using GeneAlEx software with significant of F-statistics was tested by permutation, with
the probability of non-differentiation for 10,000 randomizations.

2.4.3. Analysis of Grain Quality

The data are presented in mean £ SD, range, and CV (%). The one-way ANOVA
was conducted to determine the variance within and between groups across ecotypes and
altitudes. Least significant difference (LSD) at p < 0.05 was used to compare means between
groups using StatistiX V 8.0 software.
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3. Results
3.1. Molecular Analysis

The InDel organelle markers identified 70% of the purple rice landraces in this study
as tropical japonica, 8% as temperate japonica, and 22% as indica (Table 1). Most of tropical
japonica and temperate japonica were grown predominantly as upland rice in both the
highlands and lowlands. In contrast, most of the accessions identified as indica rice were
grown as wetland rice in the lowlands. Almost all of the check cultivars of improved purple
and colorless rice which are grown in lowlands were identified as indica. The exception
was KH-CMU, which was developed from an upland landrace from the highlands by pure
line selection; it was identified as temperate japonica.

Table 1. Distribution of rice subspecies among purple rice landraces and improved rice cultivars across different altitudes

and ecosystems in northern Thailand.

Rice Sample

Subspecies 3

Altitude ! Ecosystem 2 Indica Temperate japonica  Tropical japonica Total

Accessions (%)

Landrace
(n=37)

Total landrace
Improved purple rice
(n=5)

Improved colorless rice (n = 4)
Total improved cultivars

Highlands Upland 3 8 41 51
Wetland 3 3
Lowlands Upland 3 24 27
Wetland 14 5 19
22 8 70 100
Highlands Upland 12 12
Lowlands Wetland 44 44
Lowlands Wetland 44 44
88 12 100

1 Altitude 500 m above mean sea level demarcates the highlands and lowlands. 2 Ecotype (upland and wetland) were identified by farmer’s
cultivation. 3 Rice subspecies was identified based on three indel markers including OsC04, OsC11, and OsM04 [34].

The unweighted pair-group method with arithmetic mean (UPGMA) clustered 37 pur-
ple rice landrace accessions and nine improved varieties into two main groups (Figure 1).
The majority group consisted of all japonica rice which mostly 18 upland rice from highland
and nine upland rice from lowlands with KH-CMU the upland rice check, however, the
few wetland rice accessions from lowlands were also include this cluster. The other cluster
consisted of all indica rice which were mostly wetland rice from lowlands and almost of
improved purple rice and colorless checks excepting one upland rice and another one
wetland rice from the highland.

The first two principle coordinated explained for 54.93% and 7.73% of variance,
respectively. The PCoA separated the purple rice landraces and improved varieties into
two groups, indica and japonica rice (Figure 2). The major group of purple rice clustered
on the left side of the graph. This group consists of all japonica rice including twenty-nine
purple rice accessions that were grown as upland rice in both the highlands and lowlands
and KH-CMU, but few of the wetland purple rice from the lowlands were included.
Another group of rice is indica rice clustered on the right of the graph consists of 8 purple
rice landraces, most of which were wetland grown in the lowlands, with one upland
rice from the highlands and one from the lowlands. Almost all improved cultivars also
clustered in this group.



Agronomy 2021, 11, 2029

6 of 14

\ 57
Japonica 1 —‘ 32
y 37

RD6
PTT1
[ KJ-CMU10

; SPT1
Indica 245

X ROOX NEEEN | % | | | JOOOMOOOOOOOOCCOROOOOOOCOOO000 %0

0.3 0.4 0.5 0.6 0.7
Figure 1. Cluster analysis using UPGMA method based on Nei’s genetic distance among 37 purple
rice landrace and nine check varieties clustered into two main groups corresponding to indica and
japonica. (The solid and transparent symbol represented upland and wetland rice respective; the

circle and square symbol represented the highlands and lowlands, respective; the solid cross and
minus represent the purple rice check and colorless check varies, respectively).
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Figure 2. Principal coordinates based on the 16 SSR markers illustrated the distribution of thirty-seven purple rice landraces
in northern Thailand and nine improved cultivars, by altitude and ecotype.

The genetic differentiation among the thirty-seven landraces was relatively high
(Fst = 0.932), almost the same as the total for nine improved cultivars (Fst = 1.000) (Table 2).
In addition, pairwise genetic differentiation (Fst) among purple rice landrace, across differ-
ent original environments, showed purple rice landraces to be genetically differentiated
from both the improved purple and colorless cultivars (Fst = 0.296 and 0.320, respectively)
(Table 3). Among the purple rice landraces from both the lowlands and highlands, the
highest degree of differentiation was found between the upland and wetland ecotypes. An
analysis of molecular variance (AMOVA) found most of the variation (71%) to be between
the ecotypes, the remaining 29% accounted by the variation among individuals within the
ecotype, and none between the altitudes of their origin (Table 4).

Table 2. Genetic diversity and genetic differentiation within and between populations of purple rice in northern Thailand,
by altitude and ecosystem.

Rice Sample Altitude Ecosystem N n Hg Ht Fst

Landraces (n = 37) Highlands Upland 19 95 0.035 0.206 0.892 ***
Wetland 1 5 0.030 0.030

Lowlands Upland 10 50 0.025 0.239 0.809 ***

Wetland 7 35 0.035 0.337 0.897 ***

Total landraces 37 185 0.032 0.395 0.932 ***

purple ri‘:gfﬁgjgrs (n=5) Highlands Upland 1 5 0.000 0.000 -

Lowlands Wetland 4 20 0.000 0.201 1.000 ***

Improved colorless rice (1 = 4) Lowlands Wetland 4 20 0.000 0.227 1.000 ***

Total improved cultivars 9 45 0.000 0.459 1.000 ***

N; number of ascensions, n; number of individuals, Hs; average gene diversity, Hr; total gene diversity; Fsr; degree of genetic differentiation;
*** indicated significance with p < 0.001.
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Table 3. Pairwise genetic differentiation (Fst) among purple rice landrace across different altitudes and ecotypes in northern

Thailand and between purple rice landrace and either improved purple rice or colorless varieties.

Landrace
Improved Improved
Sample Altitude Ecotype Highlands Lowlands Purple Colorless
Upland Wetland Upland Wetland Rice Rice
Landrace 0.296 * 0.320 *
Highlands Upland
Wetland 0.679 *
Lowlands Upland 0.044 s 0.818 *
Wetland 0.427 * 0.288 * 0.556 *

* indicated significance at the 5% nominal level and ™ stand for non-significant pairwise significance after standard Bonferroni corrections.

Table 4. Analysis of molecular variance (AMOVA) among thirty-seven purple rice landraces in northern Thailand.

Source df SS MS Est. Var. p-Value * %
Among altitude 110.043 110.043 0.000 0.001 0%
Among ecotype 870.829 435.415 18.202 0.001 71%
Within ecotype 181 1350.307 7.460 7.460 0.001 29%

Total 184 2331.178 25.662 100%

* indicated statistical significance of F-statistics testing by permutation, with the probability of non-differentiation for 10,000 randomizations.

A total of 16 SSR markers were used in this study, the highest allele size was found to
be RM171 ranging between 320 and 359 bp while lowest size was RM510 ranging between
102 and 115 bp. The variability at each microsatellite locus was measured in terms of the
number of observed alleles (Na), and polymorphic information content (PIC) (Table S2).
The number of alleles per locus among 46 accessions were 2-5 alleles with an average
2.79 alleles The highest Na found to be RM 339 and lowest nearly half of loci. All loci were
polymorphic with an average 0.388, the highest PIC was RM339 with 0.634 and lowest PIC
being RM211 with 0.269. The genetic diversity of individual accession was measured in terms
of Na and expected heterozygosity (h) (Table S9) The average number of allele per locus was
highest in accessions 311 and 153 with 1.5 alleles and lowest in 15 accessions with 1 allele
consistent with all nine check varieties. The highest expected heterozygosity was found to be
accession 311 with 0.22 and the lowest was fond in 15 accessions with /2 = 0.00.

The 37 purple rice landraces had a higher total genetic diversity (Hy = 0.394) than the
5 improved purple rice (Ht = 0.368), and the 4 colorless cultivars (Ht = 0.227) (Table 2).
The average genetic diversity within the purple rice landrace populations, Hg = 0.032, was
slightly higher than the 9 genetically uniform improved cultivars (Hs = 0.000). Of the
purple rice populations from the highlands, upland ecotype (Ht = 0.206) was more diverse
genetically than the wetland ecotype (Ht = 0.030). The lowlands populations were more
diverse, with the wetland ecotype (Ht = 0.337) slightly more diverse genetically than the
upland ecotype (Ht = 0.239).

3.2. Grain Quality

The purple rice populations were found to vary in their grain quality characteristics
in ranges of anthocyanin and gamma oryzanol concentration, generally exceeding that
concentration in the improved varieties (Tables 5, S10 and S11). The anthocyanin content
of the purple rice averaged 6.9 £ 4.0 mg/100 g, with a range of 0.5 to 16.0 mg/100 g that
slightly surpassed that in the five improved purple rice cultivars with 0.9-13.3 mg/100 g.
Anthocyanin was not detected in the four colorless cultivars. The gamma oryzanol con-
centration of the purple rice landraces averaged of 70.4 & 13.0 mg/100 g, with a range
of 52.0 to 111.4 mg/100 g, compared with 64.5-82.1 mg/100 g in the improved purple
rice. Gamma oryzanol was also present in the four colorless rice varieties, although in
considerably lower concentration.
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Table 5. Grain quality of purple rice landraces in northern Thailand, by altitude and ecotypes.

Gamma Oryzanol

Rice Sample Altitude Ecotype N Anthocyanin (mg/100 g) (mng/100) Zn (mg/kg) Fe (mg/kg)
Min Max Mean + SD Min Max Mean + SD Min Max Mean + SD Min Max Mean + SD
Landrace Highlands Upland 19 05 16.0 70+ 4.6 52.0 827 672+8.0 169 312 257+4.0 78 152 127+£20
Wetland 1 29 65.6 29.0 123
Lowlands Upland 10 1.3 11.6 6.6 -3 57.0 722  67.6+87 19.0 27.6  23.0+£4.0 106 151 123+18

Wetland 7 26 112 72+39 59.5 1114 83.9 £20.9 23.6 388 2784+5.6 94 151 115+ 26

Total landrace 37 05 160 69+4 520 1114 70.4+13.0 169 388 253+45 78 152 124+21
F-test ns * ns ns
LSD 0.05 16
Improved
purple rice Highlands Upland 1 12.5 76.8 26.7 19.2
variety
Lowlands Wetland 4 09 133 7.0+£6.9 645 821 720+74 236 316 294+39 76 115 103+1.8
Total improved purple rice 5 09 133 77+62 645 821 73.0£68 23.6 316 289+3.6 76 192 121 +43

Improved
colorless Lowlands
variety

Wetland 4 ND 402 635 509+9.6 152 256 222 +48 57 94 70+£17

N; number of accessions, ND represented no detect, ns and ** indicated no significant difference and significant difference among purple
rice landrace across altitude and ecotypes at p < 0.01, respectively.

The Zn concentration in the purple rice averaged 25.3 £ 4.5 mg Zn/kg, with a range
of 16.9 to 38.8 mg Fe/kg. The mean Zn contents of the purple rice landraces, the improved
purple and colorless cultivars were within similar ranges of the standard deviation. The
Fe concentration of purple rice landraces had average 12.4 + 2.1 mg Fe/kg with a range
of 7.8 to 15.2 mg Fe/kg, which is slightly narrower than 7.6-19.2 mg Fe/kg of the five
improved purple rice. The purple rice landraces are richer in Fe than the four commonly
grown improved colorless varieties which averaged 7.0 + 1.7 mg Fe/kg and a range of 5.7
to 9.4 mg Fe/kg.

Among purple rice landraces across different altitudes and ecotypes, the widest
range of anthocyanin concentration, including the accession with the highest value of
16.0 mg/100 g, was found among the upland ecotype from the highlands. The widest
range for gamma oryzanol concentration, and the maximum value of 111.4 mg/100 g, on
the other hand, was found among the wetland ecotype from the lowlands. In addition, the
wetland ecotype from the lowlands also showed a wider range of grain Zn concentration
than the upland ecotype. Although none of the landraces had higher Fe concentration
than one of the improved purple cultivars, the average Fe concentrations by ecotype and
altitude at 12-13 mg Fe/kg were significantly higher than the 7 mg Fe/kg average of the
improved colorless varieties.

4. Discussion

This study has shown that the purple rice landraces from northern Thailand were
differentiated into indica and japonica subspecies including temperate and tropical japon-
ica based on the cytoplasmic InDel and nuclear SSR markers. The two subspecies were
distributed differently between ecotypes. Most of the purple rice, from both the high-
lands (above 500 m elevations) and lowlands, that were originally grown under upland
cultivation, were classified as tropical japonica. In contrast, most of the purple rice grown
originally in the lowlands under wetland cultivation, as well as the lowlands purple rice or
non-pigmented rice varieties used as checks, belonged to the indica subspecies. Tropical
japonica has also been found to account for the majority of local rice germplasm from high
elevations in other tropical and subtropical regions, including East Kalimantan on the
Island of Borneo [45], and southwest China [46,47]. Although the rice grown in the tropical
lowlands is typically indica [48,49], as was also found in Indonesia [45], the division by
altitudes between japonica and indica is not absolute. For example, indica rice was grown
across the altitude gradient in Yunnan, China [50]. Tropical japonica rice varieties have been
bred for the tropical lowlands in response to higher prices of the japonica type grain [51].
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For purple rice, most of the accessions grown under upland cultivation in the highlands of
northern Thailand and Laos were japonica [52], while those under wetland cultivation in
the lowlands were indica based on the Pst-12 marker. Similarly, the wetland purple rice in
Laos were found to consist mostly of indica rice [53]. Low temperature is the limiting factor
for indica at high altitudes as well as latitudes [54]. Although it was not surprising that
the purple rice accessions from the highlands were mostly identified as tropical japonica,
the large number of tropical japonica found here to have been growing in the lowlands
suggests a wider adaptation. The close genetic affinity between the highland and lowland
populations of the upland ecotype (Fst = 0.044) suggested that the purple upland rice
populations in the lowlands may have originated in the highlands, with adaptation to the
upland rice cultivation of the tropical japonica.

Differential adaptation between the upland and wetland ecotype of the purple rice
landraces was suggested by the high degree of genetic differentiation found between
the upland and wetland ecotypes from both the highlands (Fst = 0.697) and lowlands
(Fst = 0.556), which was in close agreement with the molecular variance of 71% allocated
to ecotype effect by the AMOVA and clearly separation of scatter plots between ecotypes
based on the PCA result. Upland rice is grown in rainfed, naturally well-drained soils on
slopes, while wetland rice is grown on waterlogged soil with water on the soil surface.
Some tropical japonica rice varieties have been characterized as having larger roots that
penetrate deep in the soil profile, which would be advantageous in aerobic soil affected by
drought [55,56]. In contrast, wetland grown indica rice is characterized by a large number of
shallow and finer roots [57]. The genetic diversity of the purple rice landraces found here,
in total (Hrt), and within individual populations (Hsg), is lower than that reported for single
landraces of white rice from the highlands of Thailand [31] and Laos [32]. The low genetic
diversity of purple rice has been previously reported for populations from the lowlands
of Northern and Northeastern Thailand [29]. Genetic diversity is affected by numerous
factors, such as breeding system, natural selection, genetic drift, the history of populations
and geographic variation, and range and changing climatic condition [58,59]. Minimum
population size is considered critical in wildlife conservation, as genetic diversity decreases
with smaller population, due to increasing probability of inbreeding, genetic drift, and the
potential fixation of deleterious alleles [60]. The molecular diversity data from the present
study suggest that the same may be true for domesticated species, with the way in which
the germplasm is managed likely to also contribute to genetic diversity of a crop such as
rice. Purple rice, which commonly has a glutinous endosperm, is traditionally grown in
a very small portion of the rice land on the farm. Although culturally important [3], the
productivity of the purple rice is less relevant to the household’s food security as the staple
white rice.

The purple rice clearly adds to the genetic diversity of the local rice germplasm in
Thailand, although as a group the purple rice is less diverse genetically than the ordinary,
non-pigmented rice. Furthermore, the purple rice landraces are also a potential source of
useful traits as demonstrated by the identification of accessions with exceptional contents
of anthocyanin, gamma oryzanol, and Zn. Anthocyanin is the major bioactive compound
responsible for the purple color in rice, along with corn, barley, and wheat, as well as
flowers, fruits, and root crops [6,61]. The wide range of anthocyanin concentration found
in this study, in germplasm from the highlands and lowlands, those of the upland and
lowlands ecotype, as well as among the improved checks, established that when grown
under the same wetland condition not all purple rice landraces are equally rich in the
pigment that differentiate it from the ordinary, non-pigmented rice. Although intensity
of the pigmentation is easily perceived visually, anthocyanin content is one of the rice
quality traits that are not easily selected for as it varies significantly with the environment
and management. Some purple rice genotypes produced grain with higher anthocyanin
concentration and anti-oxidative activity when grown in the highlands while others did so
in the lowlands [62]. The intensity of the pigmentation can also be affected by the genotype
and management interaction. For example, the anthocyanin concentration may be higher or
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lower when wetland-grown or aerobic-grown, or applied with different nitrogen fertilizer
rate, depending on the variety [63,64]. The higher gamma oryzanol content of purple rice
than white rice previously reported [16] is here confirmed. Improved varieties of purple
rice have been specifically selected for high gamma oryzanol [16,65], but even higher
gamma oryzanol concentrations have been found among the landraces in the present study.
Although the purple rice landraces averaged higher in the Fe and Zn content than the white
rice checks, a much broader range in the content of these nutrients has been previously
reported for the rice germplasm from the lowlands and highlands in Thailand [20,27,28,66].

5. Conclusions

The purple rice landraces in northern Thailand include both indica and tropical japonica.
There was a clear genetic differentiation between the wetland and upland ecotype, but
not between their highland and lowland origin. The close genetic affinity between the
highland and lowland populations of the upland ecotype suggested a highland origin of
the purple upland rice populations in the lowlands, possibly with adaptation to the upland
rice cultivation of the tropical japonica. Purple rice is less diverse genetically than the staple
unpigmented rice, purple rice landrace populations with exceptional anthocyanin, and
gamma oryzanol contents have nevertheless been identified. Purple rice landraces are an
important cultural heritage, and a source of agronomically useful traits, that enriches the
genetic diversity of the local rice germplasm.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11102029/s1. Table S1: Description of 37 purple rice landrace accessions and
nine check genotypes, Table S2: Description of the 16 SSR markers used to evaluate genetic di-
versity of 37 purple rice landrace and nine check genotypes, Table S3: Standard gamma oryzanol
concentration and total gamma oryzanol area obtained from chromatogram for linear regression
analysis to determine gamma oryzanol concentration among 37 purple rice landrace accessions
and nine check genotypes, Table S4: Area of total gamma oryzanol obtained from chromatogram
for calculating gramma oryzanol concentration based on regression analysis to determine gamma
oryzanol concentration among 37 purple rice landrace accessions and nine check genotypes, Table S5:
Zn standard concentration and absorbance obtained from atomic absorption spectrophotometer
(AAS) for regression analysis to determined Zn concertinaing among 37 purple rice landrace acces-
sions and nine check genotypes, Table S6: Fe standard concentration and absorbance obtained from
atomic absorption spectrophotometer (AAS) for regression analysis to determined Zn concentration
among 37 purple rice landrace accessions and nine check genotypes, Table S7: Zn concentration
from based on regression analysis of three replications among 37 purple rice landrace accessions
and nine check genotypes, Table S8: Fe concentration from based on regression analysis of three
replications among 37 purple rice landrace accessions and nine check genotypes, Table S9: No of
allele and expected heterozygosity of 37 purple rice landrace accessions and nine check genotypes
using 16 SSRs markers, Table S10: Mean and standard error of mean (SE) of anthocyanin and gamma
oryzanol concentration of 37 purple rice landrace accessions and nine check genotypes with their
mean of three replications, Table S11: Mean and standard error of mean (SE) of Fe and Zn concen-
tration of 37 purple rice landrace accessions and nine check genotypes with their mean of three
replications, Figure S1: Regression analysis between standard concentration and total aera peak of
gamma oryzanol to determine concentration among 37 purple rice landrace accessions and nine
check genotypes, Figure 52: Regression analysis between Zn standard concentration and absorbance
value from atomic absorption spectrophotometer (AAS) for regression analysis (AAS) to determine
Zn concentration among 37 purple rice landrace accessions and nine check genotypes, Figure S3:
Regression analysis between Fe standard concentration and absorbance value from atomic absorption
spectrophotometer (AAS) for regression analysis to determine Fe concentration among 37 purple rice
landrace accessions and nine check genotypes.
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