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Abstract

Project Code: RSA6080024

Project Title:  Improving zinc concentration and bioavailability in rice grain by foliar zinc
fertilizer application

Investigator:  Associate Prof. Dr. Chanakan Thebault Prom-u-thai

Email address: chanakan.p@cmu.ac.th; chanakan15@hotmail.com

Project Period: 3 years (30 May 2018 — 29 May 2020)

Zinc deficiency is an important human health which has been severely affected on
the population in Asia, where people largely consume rice as staple food. Rice grain
contains very low Zn level, supplying inadequate Zn in their daily meals. Foliar Zn fertilizer
is suggested as a potential strategy to improve grain yield and Zn concentration, but it can
be influenced by many factors during rice cultivation. This research aimed to 1) evaluate
effects of combined soil Zn and N fertilizer on grain yield and zinc concentration in wetland
and upland rice varieties grown in the waterlogged and well drained conditions, 2) evaluate
the efficacy of foliar zinc application on grain yield and zinc concentration of rice varieties
grown in 2 different cropping years, and 3) evaluate responses of rice varieties to foliar zinc
fertilizer managements and growing condition on grain yield and zinc accumulation. The
results showed that applying combined Zn and N fertilizer increased grain yield by 10-28%
and grain Zn concentration by 46-98% depending on variety and soil condition. Foliar Zn
application at 0.1-0.4% ZnSO, was not affected on grain yield but grain increased Zn
concentration increased by 11-32% but varied with variety, zinc rate and cropping years.
Foliar zinc with nitrogen fertilizer increased grain zinc and iron. The results from this study
would be very useful information for nutrient management in rice cultivation for improving
grain yield and zinc concentration which would help to solve the problem with zinc
deficiency among the population. Future study is requiring to investigate the in depth
physiology, biochemistry and molecular biology for further explaining the mechanisms. This
projects had involved many under and post graduate students as well as postdoctoral
research fellows. There were 6 publications from this research project published in an

international journals.
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senied laolFlsunsudniagy (Statistic 9, analytical software SX) JiATzRAMALANGI

povanafolasld LSD Nizaunpdian P<0.05 nianusuwusvadaludslaslsd
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RaN U Lm:w”uﬁjﬁ'ﬂmw 1 ﬁﬂ@ﬂmUl@i”msa”@msmQmmmazﬁnLL@m@haﬂ”u

Management Zn concentration (mg kg™')
Variety
condition LC LC+Zn50 LC+Zn50+N180
Tillering
KH CMU Flooded 11.7 27.0 21.8
Aerobic 13.2 14.2 251
CNT1 Flooded 16.1 17.5 216
Aerobic 15.0 20.0 19.3
F-test V*W*F LSD (0.05)
** 3.2
Booting
KH CMU Flooded 18.7 25.0 28.3
Aerobic 18.4 35.9 34.0
CNT1 Flooded 16.6 13.2 35.7
Aerobic 26.5 324 35.2
F-test V*W*F LSD (0.05)
** 5.3
Milky
KH CMU Flooded 13.1 23.9 13.3
Aerobic 15.1 33.8 23.2
CNT1 Flooded 13.4 19.4 35.7
Aerobic 20.8 36.3 30.3
F-test V*W*F LSD (0.05)
** 3.2
Maturity
KH CMU Flooded 16.3 455 20.6
Aerobic 6.2 293 37.2
CNT1 Flooded 16.8 17.3 79.3
Aerobic 15.6 31.8 37.4
F-test V*W*F LSD (0.05)

** 8.4
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Table 2.2 anududuginzdlulunszoznmanigidulads 9 vesiuiimen wo. uazWug

TEUN 1 ﬁﬂ@lﬂmﬂlﬁmsa’“@msm@gmmma:ﬁwLL@m@mﬂVu

Management Zn concentration (mg kg™')
Variety
condition LC LC+Zn50 LC+Zn50+N180
Tillering
KH CMU Flooded 25.0 11.5 20.6
Aerobic 19.1 18.2 20.8
CNT1 Flooded 211 17.4 34.0
Aerobic 17.5 17.5 35.6
F-test V*W*F LSD (0.05)
* 43
Booting
KH CMU Flooded 25.7 27.2 16.0
Aerobic 15.9 22.5 13.5
CNT1 Flooded 22.3 15.8 27.5
Aerobic 191 48.8 70.1
F-test V*W*F LSD (0.05)
** 6.5
Milky
KH CMU Flooded 12.6 251 11.6
Aerobic 13.2 35.7 21.8
CNT1 Flooded 6.8 20.7 425
Aerobic 15.8 431 22.6
F-test V*W*F LSD (0.05)
** 3.2
Maturity
KH CMU Flooded 315 36.1 344
Aerobic 10.8 54.9 68.5
CNT1 Flooded 19.2 23.9 18.2
Aerobic 20.8 66.9 27.3
F-test V*W*F LSD (0.05)

** 8.4
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Table 2.3 awLuTUaIN: Flusaunszoznsasyidulady g vastnIwnsiiney ur.

q

LLﬂ:Wyuffﬁlu’]ﬂ 1.m :JIGTﬂﬁﬁT@ﬂﬁﬁ']@mm‘mazﬁw LANANING

Management Zn concentration (mg kg™')
Variety
condition LC LC+Zn50 LC+Zn50+N180
Tillering
KH CMU Flooded 48.7 449 48.2
Aerobic 46.6 521 61.7
CNT1 Flooded 471 63.6 58.3
Aerobic 29.6 70.8 58.2
F-test V*W*F LSD (0.05)
* 4.3
Booting
KH CMU Flooded 455 67.3 46.0
Aerobic 61.8 84.2 56.4
CNT1 Flooded 354 41.6 854
Aerobic 86.4 89.6 113.2
F-test V*W*F LSD (0.05)
** 6.5
Milky
KH CMU Flooded 35.9 88.9 160.4
Aerobic 66.7 153.9 195.5
CNT1 Flooded 100.8 67.5 236.4
Aerobic 64.5 61.3 201.4
F-test V*W*F LSD (0.05)
** 5.8
Maturity
KH CMU Flooded 46.7 104.3 56.2
Aerobic 52.4 223.0 155.1
CNT1 Flooded 28.2 28.1 92.4
Aerobic 89.1 61.4 163.9
F-test V*W*F LSD (0.05)

** 7.0
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2016 CNT 209 a 17.8 a 1343 b 29.7b 93.8 a
KDK 99c 84c 202.2 a 30.2b 83.5b
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ﬁWuﬂmé’anzﬁﬁ‘s:ﬁu 7n 0.4 gsnalitlnianluwdatiindasanastusasas 21.3 #2un3
azau‘lwLmﬂlumﬁﬂﬁnmwaaiwaw“’ufﬁ'mmw 1 wudwmsWuﬂmé’aﬂ:ﬁﬁszﬁu Zn 0.1, Zn
0.2 uaz Zn 0.3 s9nalinnuITutulnananassouns 55.6, 44.4 uas 44.4 ANEGU 10
WBUNUIZAL Zn 0 ﬁi’;uslu%'sw”ufﬁmaﬂanﬁ@ WudwmiWuﬂﬂﬁan:ﬁﬁszd’u Zn 0.4 §IH®
Ilianlwadar e dsduionas 12.2
é’mwéamwdwmmﬁm?u"l,wL@mLLazﬂ’nmﬁuiumaoﬁmqé‘aﬂzﬁ (Phytate:Zn ratio)
w8 ad1INRaIuazaNI8T wu'jﬁ’nw‘”uﬁ'mu'm 1 wudwmsw’uﬂaé’aﬂ:ﬁﬁizﬁu Zn 0.3
W8z Zn 0.4 4 Phytate:Zn ratio Tuwdadndasindudasss 26.2 uaz 23.9 MUAAL &%
‘lwﬁnw"'ufﬁmayauﬁm wuinuﬂaé’aﬂzﬁﬁs:ﬁu Zn 0.1, Zn 0.2, Zn 0.3 LAz Zn 0.4 &INA
1% Phytate:zn ratio lulugatindasaaassonas 18, 38.7, 32.9 uaz 41.3 awsau 1ila
WIBuIABuADIZaY Zn 0 §7% Phytate:Zn ratio lwuaadnans Tudnawusdoum 1 wudn
msWuﬂaﬁanzﬁﬁs:ﬁu Zn 0.1, Zn 0.2 AT Zn 0.3 §INALHA Phytate:Zn ratio Rududanas
47.4, 30.9 Uaz 17.5 AUSIOL duuluinw”ufﬁmamuﬁ@ wudﬁmiWuﬂgﬁan:ﬁﬁi:ﬁu Zn
0.1, Zn 0.2, Zn 0.3 WA Zn 0.4 HINA LA Phytate:Zn ratio 8a843088s 14.7, 25.5, 30.6 LAY

19.7 MNSIOU L HaNBUNLIZAL Zn 0
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M1399 2.5 ANULTUTHFINGE ANUTUT I INLON LAZEATIFIRANULITUTWRINTRA D

ANMULTUTW WL aNUaITI7 2 Wug ﬁﬂ@ﬂluﬂ 2559

ZnSO,x7H,0 Brown rice White rice
application rate (%) CNT1 KDK CNT1 KDK
Zn concentration (mg/kg)
Zn 0 211 c 306 b 170 f 241 c
Zn 0.1 223 c 30.8b 18.2 ef 243 ¢
Zn 0.2 223 c 324 b 18.9 de 261b
Zn 0.3 223 c 370 a 19.2 de 29.7 a
Zn 04 224 c 328 b 204 d 299 a
F-test (P<0.05) * >
Phytate concentration (mg/g)
Zn 0 7.7d 9.6 a 51b 6.5a
Zn 0.1 76d 9.5 ab 39c 6.1a
Zn 0.2 76d 9.1b 39c 6.4 a
Zn 0.3 76d 85¢c 38c 6.2 a
Zn 0.4 7.7d 9.3 ab 3.7¢c 54D
F-test (P<0.05) ** *
Phytate:Zn ratio
Zn 0 36.1a 30.9 bc 29.7 a 26.4 b
Zn 0.1 339a 30.8 bed 214c¢ 250b
Zn 0.2 34.0a 279d 20.3 cd 241b
Zn 0.3 33.7 ab 229e 19.9 cd 208 c
Zn 0.4 34.0a 28.2 cd 18.3d 17.9d

F-test (P<0.05) * o
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MIWN 2.6 ANMUTUTURINGE ANUTNTUVIIWON LAZAATEIUANVTUTWRIN T

ANMULTUTW WL aNUaITI7 2 Wug ﬁﬂ@ﬂluﬂ 2560

ZnS0O,x7H,0 Brown rice White rice

application rate (%) CNT1 KDK CNT1

KDK

Zn concentration (mg/kg)

Zn 0 195e 274 c 185¢g 258d
Zn 0.1 208 e 320b 194 ¢ 30.3c
Zn 0.2 20.7 e 320b 20.2 fg 339b
Zn 0.3 210e 349 a 22.6 ef 35.6 ab
Zn 0.4 246 d 324 ab 245 de 36.8 a
F-test (P<0.05) * *
Phytate concentration (mg/g)
Zn 0 55a 6.1a 1.8d 41b
Zn 0.1 56 a 6.0 a 28c 41b
Zn 0.2 55a 59a 26¢ 40D
Zn 0.3 5.6 a 5.6 a 26¢ 39b
Zn 0.4 56 a 48b 21d 46 a
F-test (P<0.05) * -
Phytate:Zn ratio
Zn 0 46.1 cd 59.5 a 9.7 fg 15.7 a
Zn 0.1 51.0 abc 48.8 bcd 14.3 ab 13.4 bc
Zn 0.2 48.4 bcd 36.5¢e 12.7 cd 11.7 de
Zn 0.3 58.2 a 39.9 de 11.4 de 10.9 ef
Zn 0.4 57.1 ab 349e 84¢ 12.6 cd
F-test (P<0.05) * o

Means in a column followed by different letters are significantly different at P<0.05
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¥ Y o

%] %] [ 1 a 1 a
AATUNKDITUINANNTNIRVDI510FINF USamanududnldiandonanan
¥ W [ a [ 1 1 o a 1 [
wazANNILNTHYISInFINzRAaanndnszninlianuazdin:d Tudiuzaaaan
15 v v
21INADIUALVIIFT
NANITILATITHANUFUNWUT (Correlation Analysis) R PR PRIV TGS qUE AL LE
NANRS VBIT10 2 w”uﬁ mﬂﬁé‘mwmsw’uﬂﬂé‘aﬂzﬁim”mm g (MWA 6) WU I2ALNIITWH
ﬂﬂé’dﬂzﬁﬁwa@'ammﬁ'uw”uﬁizwmmmLﬁwﬂjl”uﬁmé'oﬂzﬁ@iawawﬁm 1AUNUANNRUNDLES
auluaIuweIt1INed (r = -8.1**) (MW 6a) luaIUa89971I&T (r = -0.68**) (MWN 6b) 1t
fIUVIANUFNAUT IR I N NTU I andenania wuanuauwwsLTIauluaIuuas
119N/ 89 (r = -0.26*) (NAWA 6c) PEIBVBITIIFNT (r = -0.61**) (ATWA 6d) LAZTWU
ANMUFNWBTLTIAUTERINANUTNTUFINF da Phytate:Zn ratio lulu&adninaad (r = -
0.43**) (MWA 6e) LA lINLANUFUNBTAINE IUEIWUAATIIRNT (r = 0.08ns) (MW 6f)
HANTAATIZAANUFUNWUT (Correlation Analysis) TeniaaNuuTumgFInFde
HARAA 189717 2 Wus melddanniswullodinzfzaueds g (Muin 7) wud sTaunIn
JofinzFlnadeanudunuienivanudutiuneadins fdonanda laswuanusuwuiiss
avlusuvast1anaad il 2559 (r = -8.1**) Aaldd 2560 (r = -0.83**) (MNN 7a) Iwa1n
2849771817 Aeldd 2559 (r = -0.77*) aalad 2560 (r = -0.72*) (AN 7b) luauwed
ANUFNAWSITRIANUTNTR IN AN dananEa wuaNUFNNBSIEIauluaIuTaITINR DY
muldtlian 2559 (r = -0.86*) ud liwuanuduusiud 2560 (r = -0.09ns) (MW 7c) lu
%I IRIINUANNUFNNBTLEIa Aoldd 2559 (r = -0.83*) uazil 2560 (r = -0.82*)
(AW 7d) WRZWUANNFNNBTITZHINIANMNTUTURINZT @ Phytate:Zn ratio lagwy
anuduwuiiBaauluwiathindas melddugn 2559 (r = -0.94*) uazlull 2560 (r = -0.5%)
(A 7e) e ldnuanusunusasnalugiwiuaatiansiud 2559 (r = -0.01ns)
waznelall 2560 (r = 0.09ns) (MW 7f)
HANTUATIZAANUFUNWUT (Correlation Analysis) TzniaaNuTNTumIgFINFde
HARAA 18971 2 Wi melddanniawulodinzfzaueds o (Mui 8) wudl sTaunIHL
JodsnzFluiinadannudiwuiiznhianuduiunedinsidenanio ludmvastnindas
% % & o ¢ A = o ' v o ¢ '
a1 lUTING 2 MeWug (NN 8a uaz 8b) luvmidsinilinuanuFuNusIzRINg
anudutulWiandananda vast1WuITowIM 1 wazdwuiieesaziie luguseidnd
) @ A o o o " o aa '
N8ILAzI1I217 (NIWT 8c uaz 8d) lunassnuduszdunisnuiodinzfiinade
ANMNFNNUTTZRINANVTNTUFINE fa Phytate:Zn ratio laaWUANNFNNWTLTIaulua7
o ¢ = ' & o o WM o o o o &
wWuimeaosaziia ludwadatIngsd (r = -0.6*) ud linuanudiwusludanuisoum 1
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(MWH 8e) TUEIWNAATIIENT FINLANUFUNHBTIZRINIAN N NTUFINE da Phytate:Zn

ratio MTINg 2 FUWUE (MWD 8f)

Brown rice (a) White rice (b)
10 10 1
E\ 8 7 "é\ 8 T
S S
S 67 5 6 -
< 4 = 4
i =
2 ~ 2
0 T T 1 0 T T 1
0 15 30 45 0 15 30 45
Zn concentration (mg/kg) Zn concentration (mg/kg)
Brown rice (c) White rice
10 - 10 1
= 8- e & 1=-026* £ 8-
= g 6
E o SO
o 4 Y "- S 2 47
0]
oo ~
0 T T 1 0 T T T 1
0 4 8 12 0 2 4 6 8
Phytate concentration (ng/g) Phytate concentration (mg/g)
Brown rice (¢) White rice (f)
75 1 0435 30 1 ®
8 o o v -2 ';or = (.08
= oo ® © b
: g\-‘:‘\ : Fei
& a ° E 15 - ? g *
= = °
ﬁ 25 1 L] ‘... E':T' ~.. ° ~
N N
0 T T 1 0 T T 1
0 15 30 45 0 15 30 45
Zn concentration (mg/kg) Zn concentration (mg/kg)

A:I e o 6 2 2 o a a tZ A
NINN 6 ANURUNBDIVAIANMVULVNVBRINERUIZNINRG (a, b) ﬂ')’]llL‘IJNVLWL@]ﬂLLGZNﬂNﬂ@] (c,

d) LAZANMNLTUTURINTRUAZEATFEIMAN UL NTUFINERAUANNTNTHIWLan (e, f) 2899712

@
[ o €

N4 2 Wus molddanniswullodinzfzauedg g
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Brown rice (a) White rice
10 - 10 4
= 8 4 - _ * T 8 -
E r=-0.81 Z .
< 41 = 47
o) g
502 1 — 2
0 1 1 1 0 1 1 1
0 15 30 45 0 15 30 45
Zn concentration (mg/kg) Zn concentration (mg/kg)
Brown rice (c) White rice (d)
10 ~ 10 1
~ 8 = 81
S =
S 6 g 6 -
S N
=y 4 -
3 P
52 - ~ 2 1
0 T T 1 0 T T T 1
0 4 8 12 0 2 4 6 8
Phytate concentration (ng/g) Phytate concentration (mg/g)
Brown rice (&) White rice (f) 02016
75 1 30 - ° ® 2017
e = °
= o &-0.5% = ° _ 001
=50 f.,ﬂ - & 1 0.01
= e ey = 15 L Y ° [
s e SAEE I 2
Bl Py & 12 (.09
N ' N
0 T T 1 0 1 1 T 1
0 15 30 45 0 15 30 45 60
Zn cocentration (mg/kg) Zn concentrtion (mg/kg)

AN 7 ANNFNANBTVBIANNLTUTUFINSRUALHANRALNE® (a, b) AN NTU I anuLay
NANA® (C, d) WAZANMNLTNTUFINTFUazANNTNTW IWLan (e, f) 2a381INg 2 Wug ﬁﬂgrﬂ,u
1 2559 waz 2560



Brown rice (a)

10 1 r=0.228s
°
—_ 8 4
[++]
E [
§ 6 A [ | u [
Rt [ ]
o 7 | r=-0.278
0 T ' '
0 15 30 45
7n concentration (mg/kg)
Brown rice
10 1
. % o 1=02
E)
=
= 0 ’ "
= 4 4 [
2 = _() Jns
e 5 | r )
0 . T '
Phytate concentration (mg/g)
Brown rice (e)
75
- r=01m .
2 oo B
550 1 L r
=
= G N
'805 - °
S
r=-0.6%*
0 T ' '
0 15 30 45
Zn concentration (mg/kg)
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White rice (b)

10 A
| °0 ;=001
£
=
g 6 1 0% n '.
& [ ]
3 44 #ﬂ'
= 5 ] r=0.12m
0 - ' '
0 15 30 45
Zn concentration (mg/kg)
White rice
10 - ol =(.]8s
°
e
%3] o &
3 ° °
g 6 - @ “um o -
) ] [ |
e i
2 e
2 r=-028s
0 T ' ' !
0 2 4 6 8
Phytate concentration (mg/g)
White rice (f) ¢ CNT1
BKDK
30 - ()
o m 1 =-0.09"
B 4 o
— ns .
g g r—0.0liF-..lh
S5 -
) 3 h m
g 0 °
0 . T '
0 15 30 43
Zn concentrtion (mg/kg)

l:l QI e 6 1 v v o a a v v
ATAN 8 ANURUNBITIERIWANULVNVBFINSRUIENINRA (a, b) ﬂ’]llL‘IJllT%VLWL@W]LLﬂz

NANAA (C, d) LATANNTNTUFINSRUAZEATFIUANNLNTUFINTFdaaNUTNTW INLaN (e,

f) ludhans 2 Wug
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nMInaaai 3 m‘mauauawaaw"’uffnvls'ua:ﬁnmmmiamsw'uijwwlum UI@Tﬁﬂ’]W

N3y Qﬂ LUUBTIURE LLQIiﬁﬂ

WuHwTT M Twadenanda uazasiniaiiuings edviisddyn1iaia

(P<0.05) lummzﬁw”ufﬁ'nLLa:amWﬂﬁﬁT@ﬂ'rﬁﬁma:ﬂzl JanTwadariinnuisnisad1el

€

o @

BAYNIRAR (P<0.05) ua kWU sunusIInsznIrastfadaluudazansae (a1979
2.7)

= =

A . . a 3 :’ b v v
M1319% 2.7 anundsdw (analysis of variance) VaJHNANAALUAR TRUNUAINS @BTANT

[ A ' a :’ +| v v ¢
LNULNE @Iﬂﬂ’]iﬁ]@m’]i%WLLaﬁ_‘!&Ilum’]’] 2 W‘W’Jg'

LRaInNNLYITUTIN HAKAALUAR  Wminuenne  eaineuiy

(NN./61%) (NN./61%) e
W33 (Var) o o o
aﬂ’lwn’m‘“@ﬂ’ﬁﬁma:ﬂs (Con) ns *x ns
w”ug’**ﬁnLLa:amwmm”@mifI’] wazils ns ns ns
(Var x Con)

@ o

ns = Lidanuuananunieaiia, * = Januuananuaduidvedaynesda (P<0.05),

* = Jlanuuanasniad i dvesanneana (P<0.01)

Aa [ & V) Y] [ o [ a

NAHAALNAN WIRBNLAINIIZII LRZATHAITLAULALN
wuiww"’ufﬁnﬁmmLmﬂ@hwawawﬁ@L;JS@ I@Uinw”uijﬁ'ymﬂ 1 HANRRINANAS
= @ o 4 o A v o 5 { a = { o
WRALNAL 19.55 NSNABAW mmnmwnwufmmw VY. NUNANAALNAALRAL 14.60 NI
dadu (nwi 9) ninuianawudtiusterm 1 Shwinuisrannnidawui
NN NT. LEULALINY ALRRUWNAL 32.55 Laz 17.00 NTNGBAY MNAIGL (NWA 10) lag
msﬂgﬂluamwLL@Iiﬁﬂi’awﬂ”umnuﬂmsﬂULLmJ LT ﬁﬁmﬁhuﬁaﬂwqaq@ WiNNU 29.73
NINGaA LLazﬁaﬂqmﬁamwmiﬂgﬂLLU'Uﬁw‘"ﬁ'wﬂ”umia”@ﬂwﬂULLmJ LT w8z Foliar P
= @ v o A o A = A Vv o &6 Ao A
LALLYINAL 20.01 nINGadH (MW 11) asninAuiieanuignwusiwes v, dasd

MIAUIAENINATIRRETEWIN 1 1AL 0.52 Waz 0.42 UG (NMWA 12)
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LSD 45
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(Var)=2.5
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ATNN 9 wawﬁmuﬁmluﬁnw”ufﬁ'ﬂmw 1 hRZMRaN Y. ﬁmﬁﬂmﬂmﬁ@msﬁmazﬂml,@iaz

aa
[ARRENENI]

@
o

vha (0Fw/aw)

9/

MHUNUN

40

30

20

10

CNTI

LSD 45

KHCMU

(Var)=2.0

= & e g Y v g H A > S +
NN 10 u’muﬂLL%GWWGI%%’]’JW%‘E“EU%T‘H 1 uaznInau 4o. mamrmnwamnwmuazﬂs

LARZNIINID
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vha (n5w/awy)
S

MNHUNUHAS
=

W
o

LSD ;45 (Con) = 4.0

d
be 2 ab ab
| I | | I I I I
LT LT+ LT+ LT+ LT LT+ LT+ LT+

Foliar N Foliar P Foliar K Foliar N Foliar P Foliar K

Flooded Aerobic
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w11 ﬁﬁ%ﬁﬂLLﬁGWNﬂ@ﬂluﬁﬂ’]Wﬂﬁiﬂw@mﬁiﬁﬁLLU‘]J‘LIT’IIVGLLﬂzLLQI?ﬁﬂ LLﬂzﬁﬂWifﬂy@ﬂﬁiﬂﬂ

LANGIINTA

s A
AYHNIIINUVINED

o e

LSD , o (Var) = 0.02

0.6 - a
b
04 -
02 -
0.0 -~
CNTI KHCMU

‘:I o A 3 dl v o 6 o cI: dl o g’ +|
NINN 12 mumsmuLﬂmslum’nwuﬁqmu’m 1 URENNKhay NUT. Lﬁ)oﬂi]ﬁ]’]ﬂﬂ’]i'ﬂ@]ﬂ’]i%’ll,l,ﬂﬁéﬂ
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3 a
adalsznaunaNan
Wul JRuwusiiuszniwuignuaznsianmiuaziodeasdlsznaunanin 4
AanuMEAa mmgoﬁu FMIBRUAAAND FIWIVIIIAIND WATIIRIN 1,000 LUAA BENIN
L™ o > aa 1 1 ] aAa 6 6 =3 = & A
UOFIAYNIIRDA (P<0.01) LA LWL AN UANGNN1IF DA Ll oS FudIuaaauazINaaa Y
(17797 2.8)

ci . . 6 a ] [ :’
M19719% 2.8 anuudsdiiuw (analysis of variance) PINAUILNOUNANIAGANITIANTHUN

LLazﬂﬂlmT’nw”ufﬁ'ﬂmﬂ 1 WazTNvay .

[ Aa
4AENaUNANR®
LARIAINY U . . e - .. o Wwun
ANNFI o WIN UaTTUe  LUaILTUe
wilsdsan LY wiada . .o L. 1,000
A% 968N LWANA LAARL -
na LIRS
W”u‘g(“ﬁ’n (Var) > > > ns ns >
FNIWNNIIANTT *x * ns ns ns *x
Wuazily (Con)
WWTT x &N ** ** ** ns ns x>

NMIIANTHILE
ile (Var x Con)

ns = Lidanuuandnunegia, * = Januuandniadeivodayneada (P<0.01),
* = Januuandsniadivesanneaia (P<0.01)

ANFIA

WUUJRUABEINTZATIRUETN wazanwmIIan1sin deAnugedn (9N 2.8)

o

I@m]”’nwuﬁ{ﬁwam 4. luaﬂﬂ‘Wﬂ’ﬁﬂgﬂLLTIJ‘]JLL@Iiﬁﬂ‘j’JNﬂuﬂﬂ’liﬁlb@ﬂ’ﬁﬂEILLTIJTIJ LT ﬁmmga

q

a A

@Tuga‘na@ Ao 105.9 LUUGELNAT 309890178 Foliar P uag Foliar N ﬁﬂ’J’]&lg\‘iLVi’]ﬂu‘U 102.0 ez

q

101.8 LTUALUAT AUSIA LLGZ&%L&Uﬁ@@ fla 76.9 LUUALUGT 1u°1an°'u'§°ﬁ'ﬂu’m 1 Iuanﬂw

msﬂg}mmuLLaIiﬁﬂi'wn‘”umsﬁT@miﬂmmu Foliar K (nMW# 13)
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LSD o5 (VarxCon) = 5.7

120~ a ab  ab

bc X b od

B KHCMU

(1B UAINAST)
o0
[

ANGINY

LT LT+ LT+ LT+ LT LT+ LT+ LT+

Foliar N Foliar P Foliar K Foliar N Foliar P Foliar K
Flooded Aerobic

NN 13 mmgoﬁmaainw"uffmmw 1 WazfNwaN N, ﬁﬂgﬂluamwmm‘”@miﬁﬁLmu

Wsuazialyin LLaxﬁmﬁ@msﬂmmn@haﬁ'u

NUIUHeRND

TS SR EEV RN il LAZEMWMITANIIN daswauntiadana (@134
7 2.8) TNWUTTHUIN 1 luamwmiﬂﬁﬂLLUU&W‘"M@un"’umm‘”@miﬂmLuu Foliar N T#
ﬁ‘hmumi,a@iaﬂamnﬁq@ fa 23 nibadane 7098981 A Foliar K LYINNU 21 Wiadana
1u°nmz°7i°ﬁ1m°’u§ﬁ"mau . ﬁﬂ@ﬂluamwLLaIiﬁﬂlumiﬁT@miﬂUnmmuslﬁﬁ‘hmumi,a@ia
nNeLaALYINTY 6 nkasans '%\‘1mﬂmfﬂmiﬂgﬂLmuﬁw‘"ﬁawn”umiﬁl"'@miﬂUnmmuﬁ'ﬁ

WIuRUadanalafUrINNL 4 Kikadana (NN 14)
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LSD , s (VarxCon) = 2.4

b [] CNTI

20 - —
¢ W XHCMU
15 -

UMD

de de e ¢

il Bl BB

LT LT+ LT+ LT+ LT LT+ LT+ LT+

Foliar N Foliar P Foliar K Foliar N Foliar P Foliar K

Flooded Aerobic

NN 14 fﬁ"lmumi,a@ianaluinw”uf"ﬁ'ﬂmm 1 LAETNWOY . ﬁﬂgﬂluamwmﬁmmsm

WU DILAS LL?JI?ﬁﬂ

TWININADND

LRI S eV R e oK T gl LAZEMINMITAMIIN dasiwanTaadans (19
2.8) TIWUTTHUN 1 lumsﬂQmmUamwﬁw”aiasm”umia”@miﬂmmu Foliar N T#du3u
ma@iaﬂamﬂﬁq@ Ao 15 379dana 3898981 Aa Foliar P WWinNL 14 339¢ane LLaxﬂan”ufﬁ"ﬂ
Wau N, ﬁﬂ@ﬂI%ﬁﬂ’]Wﬁ’Vﬁ:‘iLLazLLaI‘jﬁﬂluVlﬂLL‘lJ‘lJ"IJE’J\‘Jﬂ’ﬁ'i]w@ﬂﬂiﬂUﬁﬁ’m’)ui’]dLq’.laiilwi’myfu 5
AN 1wnmzﬁmiﬂgﬂluamwﬁwﬁiawn"’umsﬁ'@miﬂULLUU Foliar P #1131 32968n8

Weeniga Aa 3 T19dana (MwA 15)
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LSD ;s (VarxCon) = 2.1

[
=)
|
=}

ab
b — be be be be [ CNTI
c c
® 12 - B KHCMU
=]
&
Z
< 8 d de e d
S de de . de
@ 4 - I
0 | I

LT LT+ LT+ LT+ LT LT+ LT+ LT+

Foliar N Foliar P Foliar K Foliar N Foliar P Foliar K

Flooded Aerobic

AINN 15 f{]’ﬁmm’aa@iaﬂaluﬁnw”uf"ﬁ'ﬂu’m 1 uazfinnay N7, ﬁﬂgﬂluamwmm‘“@miﬁﬁ

LUVYNTILaZa LN LLa:ﬁmiﬁT@miﬂmmn@mﬁ'u

W1WIEN 1,000 LUAA

WUl JEUWUEINTENI1INUTI LAZENTANNITTANIIIN dasinwin 1,000 wia
(@99 2.8) I@swudﬂﬁﬂaw”ufﬁwﬂau 7. lugnwmsdgnuuuualsdniinaumdanais
www LT Mfsiawmsin 1,000 Luﬁﬂmﬂﬁq@ A8 35.02 NTN 7898941 A8 Foliar N waz Foliar P 19
Wmein 1,000 LwaaliuanasiwyinTL 33.98 N1 WAZIRIEN 1,000 Lu§@ﬁayﬁq@1wﬁ’n
WHSTHUN 1 1uam‘wmiﬂ§ﬂLLmJLL@I‘Jﬁﬂi’Wﬂ”ﬂJﬂﬁﬁ'@ﬂﬁﬂzJLLmJ Foliar K ua Foliar P 4
feLaanLinny 28.77 uaz 28.75 N3N MWAG (MWT 16)
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LSD ;s (VarxCon) = 1.4

2 CNTI
g 40 - d d a b b X &
| c c cde ¢ M
g | cde def ef ef cde def £ f l KHCMU
3 30 -
e
e
v 20
=
[—]
[—]
2 10
S
-—
3\:; 0

LT LT+ LT+ LT+ LT LT+ LT+ LT+

Foliar N Foliar P Foliar K Foliar N Foliar P Foliar K

Flooded Aerobic

ATNN 16 RN 1,000 mﬁ@iuiﬂﬁuf‘*ﬁbuﬁﬂ 1 uaziNnay V7. ﬁﬂgﬂluamwmﬁ@mi

WnuuUiaLazwalyin Lm:ﬁmiﬁ'@miﬂmmn@mn"’u
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= v v v = = H 1 = ‘:I g 1 Q
FEAUANMULTNTY 0.5% ZnSO, lum’awuﬁ"nﬂmﬂ 1 ANUINERINFLULN AL AN TUNNY
18.0 ¥n./nn. lut"Inda9 uaz 23.0 ¥n./nn. lut1I917 (Jaksomsak et al., 2018) Laad lkiAL
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A 9 o A = ' ~ ' o o & Ao oA
maaumﬂmnzamumﬂﬂmawmﬂmumzawaglum@uuazlﬂﬂmmmaama@ﬂmaw
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mﬁaummaan:ﬁmuagﬂuﬂaawawamasmnu LT wufmn ANBIBINIIRIIINGN
dsznavlddsszoznisaiaifule wazn1ssansaniwuaasay (Impa et al., 2013 Kutman
et al., 2010; Fernandez et al., 2013) N8N WABUAUNBIUTIIERNLIN N TAUFINZEN
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maaé’aﬂzﬁlumﬁ@gaﬁa 60, 76 LA 76% LUANNITNWRIN A IUIZALUNEGININAD 0.2, 0.4 LA
0.5% ZnSO, @NRIAU (Zhang et al., 2012) LacNFIAHANIINAIINWEINTRAZITWITN
RNNTDLN N AN VLT VT RFEIN R LN RALED SInuBneI8IEINITaaalSu s inan luluaa
v v é v L= Q/. .
11281816 (Velu et al., 2014; Cakmak et al., 2018) TIARILALITUNANDI LUAQ (Pisum
sativum L.) ANUIANLTUTH I Wanazanadluiuaandnsnusine® (0.25% and 0.5%)

. = @ . = v @ & X
(Poblaciones et al., 2014) MNANIANHNAINANTANNKEANFBINLAITHANTNARDI LUATINH
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Wang et al., 2017) 9n9wNasasialiiiuinmsanaswesnnudutuwwanludnianng
aaow“’uﬁ:ﬁﬂgﬂﬂ 2560 FANFNRUIAUTITEEU 9§ TINAIL U NTEUINNITTA1IT
Usznaudiy szpzauasie3asdonld imvl,ﬂﬁoé'ﬂwngﬂiwLLa:"um@Luﬁﬂﬁl,l,mﬂ@iwﬂ”ue‘ﬁa
laasunaliuaaludrosu
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2016) mﬂwm’]ﬁmgoﬂfh 15 msga%wé’on:ﬁamma winsamaIuisszunm 4 i 8
mmmawmsgwﬁué’an:ﬁiﬁduﬁu (Hurrell et al., 2003; Turnlund et al., 1984; Wang et al.,
2014) Lﬁaoﬁ]’mvl,wmﬂﬁqmauﬁ&ﬂuaﬁﬂ’hU%ﬂﬁg@sﬁué'aﬂzﬁ (Harlan et al., 2007; Ma et al.,
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IndidvarulusnoruneunthitlwuiasyRzoiadg 9 ﬁﬁmagﬂwﬁua 25 114 34 (Morris et
al., 1989) IMNKANIINANBITIHLANIN NMINUFINZRFTINNTATILAABATIFINTZNINIANY
LﬂTaJiTuVLWLwLLa:mmLﬂjl”wil”maam@lé'aﬂ:ﬁluﬁﬂwemaaw”uf BINRNRLINUNAREIDI
Hussain et al. (2012) ﬁizqdﬁﬂﬁivﬁué’on:ﬁluﬁnmﬁmmimLﬁumi@@fﬁuﬁanzﬁluiwamﬂ

1o Lﬁaamnﬁmm@awmé’@]ﬁmmwdnmwLﬁufuvlwL@mLLaxmwmﬁufmaam@ﬁan:ﬁ

nsnaaasi 3 mi@auauawaaw"’uf‘*ﬁnmaauLLazﬁﬁaVLi'1unWia°@ﬂWiﬂyﬁan:ﬁmaa‘*ﬁnﬁ
ﬂgniuamwm”oﬁwLLa:"lsJ'm"i‘n{wiawawﬁmmzmmzaum@é’m:?ﬂumﬁ@ﬁn
HANNTNARBITLF I w”uﬁ:ﬁnﬂgmaaw”ufﬁaﬁ'ﬂmﬂ 1 Sodugrmanwuasinnas
. Gadugls ﬁmmauauamamiﬁ?@miﬁwLLaxﬂmmn@mﬁ'u FIATUNANIALNRANLIN
w”ufﬁnﬁﬁw%waimL@iumﬂﬂdwmiﬁ]‘“@miﬁﬂLLazﬂ51 TIRUTTHUN 1 GAﬁaLﬂuw”uijﬂTnmmu
WwaNﬁ@]L:JS@LLazWNw’mﬂ’hw”ug‘r‘%maw N ﬁLﬂuw“uf"ﬁan' wanaaduanwamelszdn
WuTBaIt UGN WUT FOANREINLIBITBANL w”uﬁ:ﬁ'nmmuﬁ]ﬂﬁwawﬁmwﬁm 6.77 9%
@alanens uazw1e 7.00 audaLanans lummzﬁw”uffn"l,ﬂﬁwawﬁmwﬁm 3.14 audaLanans
wazWN9 2.99 audaLanas (Sahrawat, 2000) %11/%112%’5’1‘]}/’]’3%’1&’3%115/546Ng@lgdﬂ’j’]f’]’ﬂi‘
I@ﬂm@qlNavsﬁaﬁ?mﬁaamﬂw”ufﬂ’nmmuﬁmwmmmmimﬁauﬁwﬂﬂ%gnmmqmmﬂu
F178 (biomass) VL@quﬂ’j’]w”uﬁjiTn"h’ fﬂauﬂaaummmgwﬁum@;mmivlﬁmﬂﬂiﬂw”mfﬁn
I5 Lﬁaaﬁnﬂizuus’mﬁmimzmﬂa;juuﬁaﬁu #ud1 azdszuusnuandls ldandramn
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sanIngadumganmldiiuazannnitgnals uenandnenwuasiuitnlunsgalimg
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3 6 a A a [ v
amstadudy anududszlondvessgamisluduiiianinnisianislunisdgndsd
o s AI a v v QU Qs a L% nq/, &/ @
unuindrag lumaiunaniadnadis nsldsudinmmeewislutiiiuduagnunis
1 =) § a 1 =) 1 ] Qs &/ 1
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Sahrawat, 1999) GslasUndwuinanmaundandnls Lifimstuihdanududslomives
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X e o T S v, 2 .
InagnURUINIINUAY G33UagnuNITanITin o TwnInIsaiugulan wuss uaziz i
(Fageria and Filho, 2007)
wanNHaRAAWAATINIRRINUTURITINLTBIFUSEnaURARAASY laTUNaNTENY
mnmm"’@miﬁmazﬂﬂ ‘[@maww:mwgaﬁu IUWINRUGAND TIWIBIWAAND LaZHINTN
= WM A (% f & € & A & A A Y o o
1,000 e ud idwaruiefidudwiaduaziudadiu Sswuhdrwussouwm 1 lugniwms
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9 6 a o 1 A 6 a %
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fadadn nyeziily uazaasluniNoranuaiia (Takehisa et al., 2013) waziduasnsznay
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. A \ A o o v A & & - . A a ' A X A
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wiauazTn lUfsesddsznaunaniaae (Yoshida, 1981; Nursu'aidah et al., 2014) 914338
189 Nantachan et al. (2016) wud1 msladlelulautaunansn 1o Alansudals deuald
A & A v & o ¢ o o A [y v ¢ A X
HaKAaLAzaIAUIzNaUNANEA289T1INT 3 Ws (Jrdralnd deanlng uazdidnua) iANTu
\ ¥ o = ° & A A A o 9 1+ .
\in dwiniuda uazdwnwdaddes Waivununslalatslulasiau Bahmaniar et al.
(2007) wuin nalgilelulasiauluszozmaaiyidvlanuandeny Aa 1/3 vasmstlan 1/3
luszoznisuanna waz 1/3 luszoziSuuInuedniseanaan =il liNandaLazadflsenay
a U QI g 09// v o 1 1 v
HAKAAL2ITILANTUNIANNGIGU rwauntadana Anusuazanuniveslus anw
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Wpinus sriinaAuA) uazaalefifuduiaautin Weawasadalnasdlsznaud
#1Ayuay DNA Laz RNA (Brown and Weselby, 2010) waze9518159n13ta5idula n1s
N3238VBIIN mqumsaaﬂ@ammmmﬁaa{'}uﬁ@ (Rowley et al., 2012) uasvinming
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(Panhawar et al., 2011) Alinajoati sisie and Mirshekari (2011) 31841131 WoaWavaidu
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Lil”wml,ﬂumaLﬁaﬂﬁﬁuwmwﬁm@mﬂlumnﬁuNawﬁmmzqmmwmaaL:uﬁ@ lasanzlu
ﬁuﬁﬁ@uﬁﬂzymL'%'aammq@muymimaaﬁuﬁaﬁuﬁmmLf’lum@@hagasﬁmowa@iamm
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fumaagmaaluLLaza’S'mzn’mﬁmumamwmaw”uf (reproductive organs) 89 283 T0LNg
9157 (Ahmad and Jabeen, 2005; Ganapathy et al., 2008) ﬂ’]i?\iuﬂﬁmwlumzﬁ’smﬁuwﬂ
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dELTwiU (Prom-u-thai et al., 2008; Nantachan et al., 2016) A4%UN1THK1] lulaTianingg
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ABSTRACT

There is a growing interest in using germinated rice in health products based on their
antioxidant properties but studies exploring differences in pigmented and non-pigmented
rice types are limited. Therefore, anthocyanin and phenolic acid contents and composition
were quantified using UPLC over 6 days of germination in three pigmented (two purple and
one red) and one non-pigmented rice genotypes. Most of the anthocyanin content in purple
rice, mainly cyanidin-3-glucoside and peonidin-3-glucoside, was lost during the imbibition
and radicle emergence phase of germination. By contrast, there were only small changes in
free and bound phenolic acid fractions over the 6 days of germination in all genotypes.
Vanillic and ferulic acids comprised the main components of the free and bound pools,
respectively. Vanillic acid contents, but not ferulic acid, were considerably greater in purple
rice than in red and non-pigmented rice. Germination rapidly decreased the anthocyanin
content in purple rice, but only had a minor effect on the free and bound phenolic acids in
purple, red and non-pigmented rice. The increasing content of bound p-coumaric, ferulic
and vanillic acids in germinated purple rice may provide an opportunity to develop rice
products as functional foods.

Keywords: Pigmented rice, Purple rice, Germination, Anthocyanin, Phenolic acid

INTRODUCTION

Rice has one of the most diverse grain colors of all the cereals with red, black, purple
and brown pericarps which the latter is known as non-colored rice. Although polished brown
rice is the most widely consumed type in the world, colored or pigmented rice is increasingly
becoming an important part of a healthy diet. Pigmented grains, such as blue wheat, blue maize
and purple rice, are often promoted as health foods because they contain high amounts of
antioxidants, especially anthocyanins (Chavarin-Martinez et al., 2019; Ghasemzadeh, et al.,
2018; Sivamaruthi, et al., 2018). Anthocyanin is one of the colored antioxidants located in the
pericarp layers of the seed resulting in colored grain (Zhang et al., 2010). Besides anthocyanin,
rice contains free and bound phenolic acids (Goufo and Trindade, 2014). Rice anthocyanins
and phenolic acids are gaining interest as potential and natural nutritional supplements for
reducing the level of oxidation damage in humans (Shimoda et al., 2015; Russo et al., 2017).
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A number of techniques are being used to improve the nutrient value of rice products,
and these include roasting, parboiling and germination. Germination may improve the
nutritional quality of grain through enhancement of proteins, essential amino acids and
vitamins (Sibian et al., 2017). Although increases in bioactive compounds in germinated edible
seeds and sprouts have received some attention (Gan et al., 2017), the optimum conditions have
not been defined in all cereals. Germination stage has been evaluated in order to enhance
antioxidant capacity and phenolic acid content in non-pigmented rice (Ti et al., 2010), but not
in pigmented rice. Recently, germinated unpolished brown rice has been developed as the main
ingredient in a fermentation process giving a yogurt-like product and bread (Céceres et al,
2019; Cornejo et al., 2015). However, the change in anthocyanin, anthocyanidin and phenolic
acid profiles in different Thai rice grain pericarps during germination is not documented.
Therefore, the aim of this study was to characterize dynamic changes in the anthocyanin and
phenolic acid profiles of pigmented and non-pigmented rice varieties during germination.

MATERIALS AND METHODS

Rice material

Four photo-period sensitive rice genotypes were used in this study: two traditional
improved purple rice genotypes, Kum Doi Saket (KDK) and CMU 125; and two popular
commercial Thai genotypes, Red Hawm Rice (RHR) and Khao Dawk Mali 105 (KDML 105)
with red and non-pigmented pericarps, respectively. Seeds of RHR and KDML 105 were
obtained from a commercial supplier (All Rice Surin Shop, Surin province, Thailand) from the
current year’s harvest, and seed of KDK and CMU 125 were from experimental crops grown
in a field in the wet season (August - December) of 2016 on a Sansai series soil at Chiang Mai
University, Chiang Mai, Thailand (18°47' N, 98°57" E). Procedures for growing the Chiang
Mai crops have been described previously (Yamuangmorn et al., 2019). The grain of all
genotypes was harvested by manual threshing and then air-dried until the moisture content fell
to approximately 14%. The rough (i.e. unhusked or paddy) rice was kept in zip-lock plastic
bags and stored in a cool room at 16°C in the dark until used.

Preparation of germinated rice flour

About 100 g of rough rice was surface sterilized in 70% ethanol and washed twice with
distilled water. Sterilized samples were soaked for 24 h in distilled water with a ratio of 1:2
(w/v) at room temperature (25°C). The samples were then rinsed again before being subjected
to germination in three separate experiments. The rough rice was evenly distributed on wet
filter paper before being placed in closed plastic baskets in a controlled growth chamber at
30°C. The humidity was controlled by adding water equally every day. Germinated grain sub-
samples were taken 2 days (D2, radicle emerged), 4 days (D4, leaf just emerged from
coleoptile) and 6 days (leaf approximately 2 cm in length) after commencement of soaking.
The sub-samples were dried at 75°C for 24 h to halt metabolism. The husk, root and shoot were
removed manually by hand as the objective was to determine changes in the seed, not seedling
tissues during germination. Approximately 20 g grain sub-samples were mechanically ground
for 60 s in a hammer mill (Scientific Technical Supplies D-6072 Dreieich, West Germany) to
prepare rice flour. Non-germinated husked rice was used as control samples (DO0). Flour
samples were kept in zip lock plastic bags and stored in a freezer at -25°C until analysis. Three
biological replicates were used for each analytical procedure.

Extraction and determination of anthocyanins and phenolic acids by UPLC
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Anthocyanins and phenolic acids were extracted based on a published method
(Yamuangmorn et al., 2019). Briefly, flour samples (0.5 g) were extracted with acidified
MeOH (15 mL of 1.0 N HCI in 85 mL of MeOH) on a mechanical shaker for 1 h. The extract
solution was centrifuged at 4,000 x g for 10 min at room temperature and then filtered through
0.22 um Nylon membrane before analysis. After removal of anthocyanin and free phenolic
acids, the bound phenolic acids were extracted using a hydrolysis protocol according to the
above developed methods.

UPLC analysis was performed on a Waters Acquity UPLC equipped with a photodiode-
array detector (PDA) and a Zorbax Eclipse C18 column (2.1 x 100 mm, 3.5 pum particle size)
to separate the compounds. The gradient elution mobile phases were 0.1% (vol/vol) formic
acid in water (mobile phase A) and 0.1% (v/v) formic acid in methanol (mobile phase B). The
UPLC condition, reference compounds (cyanindin-3-glucoside, peonidin-3-glucoside,
cyanidin, peonidin, p-coumaric acid, ferulic acid and vanillic acid) and reagents followed by a
published method (Yamuangmorn et al., 2019). Separation conditions were assayed using
standard solutions at concentrations within 0-30 pg/mL. The absorbance was measured at 500
nm, 310 nm, 320 nm and 260 nm for anthocyanin compounds, p-coumaric acid, ferulic acid
and vanillic acid respectively.

Statistical analysis

Differences in mean parameters (concentrations of total and individual anthocyanins,
total and individual phenolic acids) of three biological replicates for germination time and rice
genotype were determined by a two-way analysis of ANOVA using Statistix version 9.0
statistical software followed by the post hoc LSD test at 95% confidence level (P<0.05).

RESULTS

Anthocyanins and phenolic acids content in non-germinated rice

The total anthocyanin content, determined by the sum of individual anthocyanins,
differed between the two purple rice genotypes (P<0.05) (Figure 1A). CMU 125 had about 1.7
times higher total anthocyanin content than KDK. No anthocyanins were detected in red RHR
and the non-pigmented rice KDML 105 flours. The total phenolic acid content, determined by
the sum of individual free and bound phenolic acid fractions, also differed among the four
genotypes (P<0.05) (Figure 1B). KDK had 0.2 times higher total phenolic acid content than
CMU 125, while the RHR and KDML 105 genotypes had 0.2-0.6 times lower total phenolic
acid content than KDK and CMU 125.

(A Total anthocyanin content (B) Total phenolic acid content
— 6000 - a —~ 6000 -
£ =
- © -
€ 5000 £ 5000
S 4000 - S 4000 -
N <
Ex 3000 - b g 3000 -
= 2000 A 2 2000 -
£ 1000 J £ 000! pe P c ¢
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KDK CMU125 RHR KDML 105 KDK CMU125 RHR KDML 105

Figure 1. Content of total anthocyanin (A) and total phenolic acid (B) in non-germinated rice
of four genotypes.
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Individual anthocyanins content in germinated rice

The UPLC analysis showed that the contents of cyanidin-3-glucoside and peonidin-3-
glucoside of the two purple genotypes, KDK and CMU 125, decreased rapidly with
germination (P<0.05) (Table 1). The cyanidin-3-glucoside content declined from 1,489.0 to
80.2 and from 4,939.1 to 316.5 pg/100 grain in KDK and CMU 125, respectively. Most of the
loss occurred during imbibition and early growth of the radicle, as by D2 the average cyanidin-
3-glucoside content in both genotypes had fallen by approximately 74%. Only a small decrease
in the cyanidin-3-glucoside content occurred from D4 to D6. The peonidin-3-glucoside content
followed a similar trajectory to cyanidin-3-glucoside, declining from 570.5 to 20.1 and from
675.4 t0 36.6 ug/100 grain in KDK and CMU 125, respectively, being a decrease of about 75%
at D2. The cyanidin and peonidin contents of the two purple genotypes also decreased rapidly
with germination (P<0.05) (Table 1). Over the period DO to D6, the cyanidin contents of KDK
and CMU 125 declined from 3.7 to 0.4 and 22.8 to 3.2 pg/100 grain, respectively. On a
percentage basis, the cyanidin contents of KDK and CMU 125 fell by 46 and 56% by D2,
respectively. Similarly, the peonidin contents of KDK and CMU 125 declined from 0.8 to 0.0
and 3.6 to 0.2 pg/100 grains, respectively, during germination. Half of the peonidin content
was lost during the first two days.

The decline in total anthocyanin content with germination, determined by the sum of
individual anthocyanins differed among the two purple genotypes (P<0.05) (Table 1), declining
from 2,073 to 101 and 5,641 to 356 pg/100 grain in KDK and CMU 125, respectively. Most
of the loss occurred early (D2), 75% in KDK and 73% in CMU 125.

Table 1. Changes in the content (1g/100 grain rice flour) of cyanidin-3-glucoside, peonidin-3-
glucoside, cyanidin, peonidin and total anthocyanins in two purple rice genotypes during
germination.

Genotype Day Cyanidin-3- Peonidin-3- Cyanidin Peonidin  Total

glucoside glucoside anthocyanins
KDK 0 1,498.0 a 5705 a 3.7 a 08 a 2,073.0 B
2 3804 b 1418 b 20 b 0.4 ab 5245 D
4 1247 ¢ 384 ¢ 07 ¢ 01 b 1639 F
6 80.2 ¢ 20.1 ¢ 04 ¢ 00 b 100.6 F
CcCMU 0 4939.1 a 6754 a 228 a 36 a 56409 A
125 2 1358.0 b 1775 b 101 b 1.8 b 15474 C
4 5378 ¢ 705 ¢ 48 ¢ 05 ¢ 6135 D
6 3165 d 36.6 d 32 ¢ 01 c 356.4 E

Note: Values with different lowercase letters in the same column are significantly different (P<0.05) among
various germination stages in each individual genotype. Values with different uppercase letters are significantly
different (P<0.05) among genotype and time of germination.

Individual free phenolic acid and total free phenolic acids in germinated rice
Germination affected the free p-coumaric acid contents in all rice genotypes, except in
KDK (P<0.05) (Table 2). The free p-coumaric acid of CMU 125 remained unchanged from DO
to D4, then declined by 56%. By contrast, the free p-coumaric acid contents of RHR and
KDML 105 increased during germination, by 200 and 353%, respectively, at D6 compared
with the content before germination. Germination altered (P<0.05) the free ferulic acid content
of KDK and CMU 125 (Table 2). The content of this acid in KDK decreased by approximately
51% at D2 and D4, but then recovered by D6. However, in CMU 125 there was no recovery
after the initial reduction of 29%. In addition, the free vanillic acid content was affected by
germination in KDK and KDML 105, but not in CMU 125 and RHR (P<0.05) (Table 2). In
KDK, the content decreased at D4 and then increased to exceed that in non-germinated seeds
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by 19% at D6. Similarly, the content of KDML 105 declined by approximately 35% at D2 and
D4 and increased by 82% at D6.

The response in total free phenolic acid content with germination, determined by the
sum of individual phenolic acids differed among the four genotypes (P<0.05) (Table 2). The
total free phenolic acid content of KDK declined by approximately 17% (D2 to D4), then
recovered. A similar decline occurred in CMU 125, but there was no recovery. For KDML 105,
the total free phenolic acid contents at D2 and D4 were the same as in non-germinated seed,
but by D6 the content had increased by 146%. In RHR, however, the content of the free
phenolic acids did not change with germination.

Table 2. Changes in content (ug/100 grain rice flour) of free individual phenolic acids and total
free phenolic acid of four rice genotypes at different germination stages.

Genotype Day p-coumaric Ferulic acid Vanillicacid  Total free
acid phenolic acids
KDK 0 50 a 6.5 ab 382 b 49.7 A
2 34 a 30 b 36.4 bc 428 B
4 32 a 34 b 327 ¢ 393 B
6 47 a 70 a 429 a 56.6 A
CMU 125 0 8.7 a 6.6 a 243 a 410 B
2 6.6 ab 59 ab 26.3 a 40.1 BC
4 58 b 48 b 225 a 344 C
6 38 b 46 b 251 a 335 C
RHR 0 10 c 27 a 20 a 56 E
2 28 ab 34 a 29 a 91 E
4 21 b 32 a 15 a 6.7 E
6 30 a 31 a 34 a 95 E
KDML 105 0 17 ¢ 34 b 17 b 6.7 E
2 2.6 bc 37 b 12 ¢ 75 E
4 36 b 50 ab 10 ¢ 96 E
6 7.7 a 56 a 31 a 164 D

Note: Values with different lowercase letters in the same column are significantly different (P<0.05)
among various germination stages in each individual genotype. Values with different uppercase letters
are significantly different (P<0.05) among genotype and germination stage.

Individual bound phenolic acid and total bound phenolic acids in germinated rice

The bound p-coumaric acid contents in all rice genotypes increased (P<0.05) (Table 3)
during germination, reaching maxima at D5 with increases of 253, 262, 36 and 35% for KDK,
CMU 125, RHR and KDML 105, respectively. Germination also affected (P<0.05) the bound
ferulic acid contents of KDK, CMU 125 and KDML 105, but not RHR (Table 3). The bound
ferulic acid contents of KDK and CMU 125 increased by 26% in KDK and 17% in CMU 125
after D2. A similar increase of 43% was observed in KDML 105 at D4, but then it declined by
36% at D6 as compared to D4. Furthermore, germination increased (P<0.05) the bound vanillic
acid contents of KDK and CMU 125 by about 58 and 42%, respectively, at D6, but there was
no change in RHR and KDML 105 (Table 3).

The change in total bound phenolic acid content with germination, determined by the
sum of individual phenolic acids differed among the four genotypes (P<0.05) (Table 3). The
total bound phenolic acid contents of KDK and CMU 125 increased (D4 to D6) by up to 39
and 23%, respectively, compared with contents before germination. By contrast, the content of
KDML 105 first increased (39% at D4) then fell by 30% (D4 to D6). The total bound phenolic
acid content of RHR remained unchanged during germination.

5
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Table 3. Changes in content (ug/100 grain rice flour) of bound phenolic acids and total bound
phenolic acid of four rice genotypes at different germination stages.

Genotype Day p-coumaric Ferulic acid Vanillicacid  Total bound
acid phenolic acids
KDK 0 46.7 ¢ 895.4 b 1615 b 1,103.6 BC
2 51.0 ¢ 9474 b 190.0 b 1,188.3 B
4 1344 b 1,1809 a 230.8 a 1546.1 A
6 1649 a 10776 a 255.2 a 1,497.7 A
CMU 125 0 323 ¢ 7736 b 844 b 890.3 D
2 551 b 7293 b 86.1 b 870.4 DE
4 1132 a 905.9 a 108.0 a 1,127.1 BC
6 1170 a 829.9 ab 1206 a 1,067.5 C
RHR 0 1348 b 541.8 ab 32 a 679.8 F
2 1383 b 5834 a 58 a 7276 F
4 1679 a 5928 a 58 a 766.5 EF
6 183.7 a 500.3 ab 56 a 689.7 F
KDML 105 0 1304 c 6124 b 55 a 7483 F
2 146.8 b 633.1 b 31 a 783.1 DEF
4 158.0 ab 876.6 a 35 a 1,038.0 C
6 162.6 a 558.3 b 34 a 7243 F

Note: Values with different lowercase letters in the same column are significantly different (P<0.05) among
various germination stages in individual genotype. Values with different uppercase letters are significantly

different (P<0.05) among genotype and germination stage.

DISCUSSION

Seed germination may alter the antioxidant capacity of rice due to changes in chemical
composition, structure and synthesis of new components, or transformation of primary or
secondary metabolites (Jirapa et al., 2016; Lin et al., 2015). The mechanism of anthocyanin
degradation cause by increasing of pH and thermal condition has been extremely studied,
whereas knowledge regarding its degradation by germination process is limited (Patras et al.,
2010). The observed decrease in anthocyanin content of more than half of the initial content
over the first two days of germination is in accordance with observations that anthocyanin
leached into water when purple rice was soaked (Noorlaila et al., 2018). Even, this study was
not detected anthocyanin loss in soaked water due to the type of paddy rice used, anthocyanins
are water-soluble compounds located mainly in the rice pericarp, and it is likely that the
structural breakdown of cell walls begins to liberate anthocyanins during imbibition and cell
growth. On the other hand, the transformation of the pyrylium ring of anthocyanins, leading to
cleavage of the glycoside linkage and formation of the chalcone structure (colorless form) may
lead to the initial reduction step of anthocyanins during germination (Patras et al., 2010).
Comparing the anthocyanin contents between soaked grain and soaked water would be useful
to confirm the water-soluble of anthocyanin. Similarly, the cyanidin-3-glucoside pool in purple
corn decreased by 34% after germination for 63 h, while peonidin-3-glucoside declined only
by 5% (Paucar-Menacho et al., 2017). These results are contrasted to a recent study by Owolabi
et al. (2019) found that the total anthocyanin content to increase in purple rice after soaking
and germination process. However, soaking for 24 h followed by 12 h of germination did not
reduce the total anthocyanin content of two purple rice determined with a spectrophotometer
(Thao and Niwat, 2018). On the other hand, the total anthocyanin content in black rice showed
a decline at earlier stages but it recovered at the later stages during germination (Wang et al.,
2016). Such discrepancies between studies might be due to the use of different analytical

6
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methods, germination conditions or rice genotypes differing in the amount of natural
anthocyanin content in the pericarp. This study indicated that the breakdown of cyanidin-3-
glucoside or peonidin-3-glucoside did not result in an increase in the cyanidin or peonidin
content, as presumably all were degraded. It is possible that anthocyanin and anthocyanidin
might have been transformed into protocatechuic acid and/or 4-hydroxlybenzoic acid (Nayak
et al., 2015) during germination but these were not assayed. Our UPLC method was not
optimized for the measurement of proanthocyanidins so we were unable to quantify changes in
the main pigment in red rice on germination. Other studies have reported on proanthocyanidins
in red rice (Upanan et al., 2019), but not during germination.

Unlike anthocyanin in purple rice, there were only small changes in free and bound
phenolic acid fractions over the 6 days of germination in all varieties. Any change in phenolic
acid content and composition during germination reflects the balance between liberation,
degradation and synthesis. The slight decrease in free phenolic acid content in purple rice early
in germination likely reflects some leaching during imbibition. Much of the phenolic acids
were present in the water-insoluble pool which is likely to be more stable during the presence
of free water. With the progress of germination, the bound phenolic acid fraction increased, in
conjunction with new cell wall matrix formed during growth of seedling tissues (Shahidi and
Yeo, 2016). The activity of cell wall peroxidases, the enzyme which liberates phenolic acid, is
induced by germination (Wakabayashi et al., 2015). Also, an increase in bound phenolic acid
in non-pigmented rice was shown to be positively correlated with cell wall peroxidase activity
after 4 days of germination (Cho and Lim, 2018). Furthermore, some phenolic acids, including
vanillic acid, may be products of the degradation of cyanidin and peonidin during fermentation
(Zhu et al., 2018). Besides the liberation and degradation of anthocyanin, the increase in
phenolic acid could be due to the synthesis of phenolic compounds from the induction of
hydrolytic enzymes. In a study on germinated non-pigmented rice, the germination process
increased the activity of phenylalanine ammonia-lyase, isoflavone-7-methyltransferase,
glutathione S-transferase and UDP-glucose flavonoid-3-glucosyltransferase (Maksup et al.,
2018). In germinated wheat, high expression levels of phenylalanine ammonia-lyase and some
other proteins were positively related to the accumulation of phenolic acids and germination
time (Chen et al., 2018; Kim et al., 2018).

The presence of vanillic acid in both free and bound fractions could be only quantified
in purple rice, as the levels in red and non-pigmented rice were very low. The contents of
vanillic acid in Thai rice were similar to Chinese rice, showing that purple rice contains both
free and bound fractions of vanillic acid, but the free fraction was not detected in red and non-
pigmented rice (Shao et al., 2018), suggesting that vanillic acid was considerably greater in
purple rice than in varieties lacking anthocyanins. Thus, it could be expected that the
distribution of individual phenolic acid in free and bound fractions among different rice grains
might be associated with the distribution patterns of phenolic compounds in different tissue
fractions. It has been reported that the contents of free and bound ferulic acid can vary with
tissue types with most of the free fraction accumulating in the embryo and most of the bound
fraction being located in the bran (Ti et al., 2015).

There is an interesting point as to the increasing interested phenolic acids and the
remained anthocyanins in purple rice, especially in CMU125 genotype for functional foods and
products such as concentrated capsules and sprouted powder due to their potential benefit for
human health. Thus, the increasing content of bound p-coumaric, ferulic and vanillic acids in
germinated purple rice may provide an opportunity to develop germinated rice products as
healthy foods. However, more research is required to establish the unequivocal benefit of rice
phenolics for human health. In addition, other key antioxidants, such as proanthocyanidin in
red rice, should be evaluated as a source of antioxidants in germinated red rice food products.
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The results from this study should be of interest to traders and food industries wishing to use
germinated purple rice in product development.

CONCLUSION

Cyanidin-3-glucoside and peonidin-3-glucoside in purple rice fell markedly during the
early stages of germination. By contrast, there were only small changes in free and bound
phenolic acid fractions over the 6 days of germination in all varieties. The increase in bound p-
coumaric, ferulic and vanillic acids in germinated purple and non-pigmented rice at D4
suggests that sprouted rice could be considered for the development of rice products. Further
research on differences between rice genotypes and responses of phenolic acids to germination
should be undertaken to provide a stronger basis for the emerging commerce in rice products
for human health.
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Abstract
BACKGROUND: Foliar zinc (Zn) fertilizer is suggested as a way to increase grain Zn

concentration in rice and reduce Zn malnutrition among rice consumers. This study
examined the effect of foliar Zn application on grain yield, Zn and phytate
concentrations and its impact on the Zn/phytate molar ratio, an indicator for Zn
bioavailability in human digestive tracts, in unpolished and polished rice between two

rice cultivars across two cropping years.

RESULTS: The effect of foliar Zn on grain Zn and phytate accumulation differed with
Zn rate, cultivar and year. The concentration of Zn in KDK was higher than CNT in
unpolished and polished rice of both years. On the other hand, the phytate concentration
in 2017 was lower than in 2016 in unpolished and polished rice of both cultivars.
However, foliar Zn with the highest rate decreased the phytate/Zn ratio in polished rice

of both cultivars in 2016, and decreased the phytate/Zn ratio in unpolished rice in 2017

CONCLUSION: Foliar Zn application can improve grain Zn concentration and
decrease the Zn/phytate molar ratio in both unpolished and polished rice but the

response can vary with cropping year and cultivar.

Keywords: rice, foliar Zn fertilizer, Zn concentration, phytate concentration, bioavailable Zn
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INTRODUCTION

Zinc deficiency is a major cause of impairments in growth development, immune system
function and learning disabilities in human health.! Enhancing grain Zn concentration in staple
food crops has been suggested as a sustainable strategy to solve the problem of Zn deficiency
in humans, especially in rice (Oryza sativa L.) which is consumed in more than half of the
world.? Applying Zn fertilizer to the soil and/or foliage are the most common agronomic
practices reported to improve Zn uptake and partitioning into different plant parts, and
consequently potentially improving grain yield and nutritional quality in rice grain.>* Foliar
Zn application can mitigate against nutrient deficiencies in crop plants and increase Zn
accumulation in rice grain.>® Pot and field experiments have shown that foliar application of
0.2-0.5% ZnSO4 had no effect on grain yield, but greatly improved grain Zn concentration in
unpolished rice, from 35 to 55% compared with no foliar Zn application.”?® Therefore, foliar
Zn application is suggested as a promising way to increase grain Zn concentration in rice and
nutritional benefits to consumers.

However, it is only useful to increase the Zn concentration in rice if the Zn is
bioavailable in human diets. Anti-Zn nutrients in human diets are a major cause of Zn
deficiency as they reduce Zn absorption in the digestive tract.® Antinutrients are substances
that reduce the degradation, absorption or utilization of nutrients, of which phytate is the key
compound in grains especially in cereals such as rice.!%!! Phytate (IP6 or PA) is a cation salt
of phytic acid with 12 hydrogens on the 6 phosphate groups, and phytic acid is a strong
chelator with cations such as Fe*"3*, Zn?*, Mg?*, Ca?*, K and Cu?" forming insoluble
salts.!>!13 Phytate is an important storage form of phosphorus and is metabolized during seed
germinating and seedling growth.!#!5> The accumulation of storage forms of phosphorus not
only stimulates Zn deficiency in plant tissues, but it is also an antinutrient in human diets.!6-17
Reducing phytate in cereal grains is expected to increase Zn availability in both the plant and
in human diets.? Foliar Zn application with 0.5% ZnSO,4 combined with soil Zn application in
calcareous soil has been reported to reduce the phytate/Zn molar ratio in rice grain by 35%
compared with the control.'® However, the phytate/Zn molar ratio has yet to be evaluated
under field conditions over cropping seasons. Jaksomsak et al.! reported that foliar Zn

application with 0.5% ZnSO, decreased the concentration of phytate in both unpolished and
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polished rice among some Thai rice cultivars. The combined applications of soil and foliar Zn
fertilizer on grain yield and Zn concentration were analyzed,?® but effects on grain phytate and
nutritional quality for human diets have not been explored.

Therefore, this study was undertaken to investigate the response of grain yield, Zn and
phytate to rates of foliar ZnSO, over 2 cropping seasons in two rice cultivars representing
modern and traditional rice types. The results should be useful for biofortification programs to

increase grain Zn concentration and Zn availability for human diets.

MATERIALS AND METHODS

Plant culture

The experimental design was arranged as RCBD with 2 cultivars, 5 Zn rates and 3 replicate
plots in each cropping season. The 2 rice cultivars, Chai Nat 1 (CNT1, modern rice) and Kam
Doi Saket (KDK, traditional rice) were grown in the same paddy field at the Faculty of
Agriculture, Chiang Mai University, during the wet season (June to November) in 2016 and
2017 on a sandy loam textured soil of the Sansai series, pH 5.8 and 5.5 (1:1, soil:water),
respectively. The average temperatures during the cropping seasons in 2016 and 2017 were
similar at 27.5 °C, with 80.2 and 77.0% relative humidity, respectively and the average
sunshine duration was 5.2 and 5.7 h, respectively. The average precipitation during grain
filling was 4.0 mm and 3.4 mm, respectively.?! Plant culture was conducted with similar
practices in both cropping years. Seedlings (21-25 days old) were transplanted to a single
plant per hill, with spacing between hills of 25 x 25 cm, in 2 x 2 m? plots with the total
number of 64 plants per plot. Plots were separated by 0.5 m ridge buffers. The Zn fertilizer
was foliar applied at 5 rates as an aqueous solution containing 0, 3.5, 7, 10.5 or 14 mM Zn
(0%, 0.1%, 0.2%, 0.3% and 0.4% ZnSO,, respectively), at booting, flowering and milky grain.
The volume of foliar Zn application was approximately 900-1000 L ha'!.# To prevent
contamination, each plot was vertically protected with a plastic sheet during spraying. All
plants received basal fertilizer to the soil, a total of 85 kg NH,CONHj, ha-!, 35 kg P,Os ha"'and
15 kg K,O ha! which was four split equally at 7 days after planting, tillering, booting and

flowering stages.?>?? The fields were permanently flooded under 0.1-0.2 m of water until
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maturity. The fungicide Isoprothiolane and insecticide Fipronil were applied at recommended

rates to control pests. Weeds were manually removed.

Sample collection and preparation

At maturity, a 1 x 1 m?area from the centre of each plot was harvested to determine yield,
straw dry weight and yield components (number of tillers hill-!, number of panicles plant!,
number of spikelets panicle’!, thousand seed weight and percentage of filled grain). Grain
yield was measured at 14% moisture content and straw dry weight was determined after oven
drying at 70°C for 72 h. The unpolished rice and polished rice samples were analyzed for Zn
and phytate. The unpolished rice, the caryopsis, was prepared by dehusking paddy rice with a
rice testing machine (model P-1, Ngek Seng Huat Company, Thailand) and 50 g of the
unpolished rice samples were polished by a milling machine (model K-1, Ngek Seng Huat
Company, Thailand) for 30 s to yield polished rice. The yield of unpolished and polished rice

were measured after oven drying at 70°C for 72 h.

Chemical analysis

Analysis of Zn concentrations was carried out with an atomic absorption spectrophotometer
(Z-8230 Polarized Zeeman, Hitachi, Japan) after dry-ashing.?* The phytic acid analysis
(phytate) was conducted by the precipitation of ferric phytate and measurement of iron (Fe)
remaining in the supernatant.>> Each batch of Zn and phytate analysis included peach (SRM

1547) and soybean leaves as certified reference materials.

Statistical analysis

Combined analysis of variance (ANOV A) between cropping seasons was carried out using
Statistical Analysis System software (Statistic 9, analytical software SX). Grain yield, yield
components and quality of the unpolished and polished rice were examined to determine the
combined effects of cultivar, foliar Zn treatment and cropping season. Significant differences
between treatment means were separated at P < 0.05 by the least significant difference (LSD)
test. Correlation analysis was used to test pairwise relationships between the phytate/Zn ratio

and Zn concentration in unpolished and polished rice of the two cultivars in each year.
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RESULTS

Grain yield and yield components

Foliar Zn application did not affect grain yield or straw dry weight (P = 0.81 and P =0.72,
respectively), but these parameters differed among rice cultivars depending on the cropping
year (P < 0.05) (Fig. 1(A) and (B)). The CNT1 had 67.7% higher grain yield than KDK (Fig.
1(A)), while KDK had 52% higher straw dry weight than CNT1 in 2017, but it was not
different in 2016 (Fig. 1(B)).

There were interaction effects between rice cultivar and cropping year for yield
components, but foliar Zn fertilizer only affected (P < 0.05) 1000 seed weight (Table 1). The
CNT1 grown in 2016 had 25.9 and 20.3% higher number of tillers and panicles per plant,
respectively, than in 2017 but there was no difference between spikelets per panicle, and
percent filled grain between cropping seasons. In KDK, there were no differences between
cropping years in the number of tillers per hill, or panicles and spikelets per plant, but the

2017 crop had 8.6 and 12.0% higher 1,000 seed weight and percent filled grain than in 2016.

Grain Zn and phytate concentration
In unpolished rice, the response in grain Zn concentration in each cultivar to foliar Zn
application was similar in the two cropping years (Fig. 2). In 2016, the Zn concentration of
unpolished KDK rice was highest in the 0.3% ZnSO, treatment, being 21% higher than in the
nil Zn plants. Application of 0.4% ZnSO,4 was ineffective in improving the grain Zn
concentration in KDK. However, application of foliar Zn did not affect the grain Zn
concentration in CNT1. The concentration of Zn in unpolished rice of both cultivars in 2017
was slightly lower than in 2016 for the nil Zn treatment. In KDK, foliar Zn application of
0.3% and 0.4% ZnSO, increased grain Zn concentration by 27.2 and 18.2%, respectively, in
2017. The grain Zn concentration in CNT1 responded most to 0.4% ZnSO, treatment with an
increase in 26.1% over nil Zn plants.

In polished rice, the effect of foliar Zn application on grain Zn concentration differed
between the cultivars and years (Fig. 2). In 2016, application of foliar ZnSO, at 0.2, 0.3 and
0.4% increased Zn concentration by 11.2, 13.0 and 20.0% in CNT1 and by 8.3, 23.2 and
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24.1% in KDK, respectively, but 0.1% ZnSO, had no effect. In 2017, 0.3 and 0.4% ZnSO,
increased the Zn concentration in CNT1 by 22.2 and 32.4%, respectively, while 0.1, 0.2, 0.3
and 0.4% ZnSQ, increased the Zn concentration in KDK by 17.4, 31.4, 40.0 and 42.6%,
respectively.

The effect of foliar Zn application on grain phytate concentration differed between the
cultivars and cropping years (Fig. 3). The phytate concentration in 2017 was lower than in
2016 in unpolished and polished rice of both cultivars. In unpolished rice in 2016, the phytate
concentration decreased by 5.2 and 11.5% in KDK when applied with 0.2 and 0.3% ZnSO,,
respectively, compared with nil Zn, but the phytate concentration was not affected by foliar
Zn treatments in CNT1. In 2017, the phytate concentration in KDK decreased by 20.9% in the
0.3% ZnSO, treatment, while it was not affected in CNT1. Compared to the nil Zn treatment,
the application of 0.4% ZnSO, decreased phytate concentration in polished rice of CNT1 and
KDK in 2016 by 26.2% and 16.2%, respectively. In 2017, the concentration of phytate
increased with 0.4% ZnSO, in KDK by 13.6%, while it was not affected in CNT]1.

The phytate/Zn ratio was used as an indicator for bioavailable Zn in the digestive tract
of human diets. The effect of foliar Zn application on the ratio differed between rice cultivars
in both years (Fig. 4). In unpolished rice in 2016, foliar Zn application rates of 0.2 and 0.3%
ZnSQOy decreased the phytate/Zn ratio in KDK by 9.7% and 26.0%, but the higher rate of foliar
Zn had no effect. However, there was no effect of foliar Zn application on the phytate/Zn ratio
in CNT1 in 2016. In the 2017 crop, the phytate/Zn ratio decreased by 18.5% in the 0.4%
ZnSOy treatment in CNT1 and by 21.5% in KDK. In polished rice, 0.4% ZnSO, decreased the
ratios in CNT1 and KDK in 2016 by 38.5% and 32.0%, respectively. However, in 2017, the
same treatment decreased the ratio in KDK by 19.8%, but there was no change in CNT]1.

Relationship between phytate/Zn ratio and Zn concentration

There were significant linear relationships between phytate/Zn ratio and Zn concentration in
unpolished rice and polished rice which revealed differences between the crops (Fig. 5). There
was a negative correlation between grain yield and Zn concentration in unpolished rice of the
2017 KDK (r=-0.63, P < 0.05) and CNT1 (r =-0.62, P < 0.01) crops, but there was no

significant correlation in the 2016 cropping season. Relationships between phytate/Zn ratio
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and Zn concentration in unpolished rice and polished rice in the rice cultivars were evident in
2016 and 2017 (Fig. 5). The phytate/Zn ratio was significantly decreased with increasing Zn
concentration in unpolished rice in CNT1 (r>= 0.69, P < 0.05) and KDK (12 = 0.92, P < 0.05)
in 2016, and in CNT1 (2 = 0.88, P < 0.05) and KDK (12 = 0.69, P < 0.05) in 2017 (Fig. 5(A)
and (B)). In addition, in 2016 the phytate/Zn ratio was reduced when the Zn concentration
increased in polished rice in CNT1 (2= 0.40, P < 0.05), but this relationship was not observed
in polished rice in KDK (Fig. 5(C)). In 2017, the phytate/Zn ratio decreased with an increase
in Zn concentration in polished rice in KDK (r? = 0.65, P < 0.05), but not in CNT1 (Fig.

5(D)).

DISCUSSION

Rice cultivars responded differently between cropping years to foliar Zn application for grain
yield, Zn and phytate concentrations, with consequences for the phytate/Zn molar ratio, an
indicator of Zn bioavailability in human diets. The modern improved rice cultivar CNT1 had
higher grain yield than KDK, the traditional rice cultivar, in both years. Even though grain
yield was not affected by foliar Zn application, the yield components were influenced by
interaction effects between cultivar x cropping year (Table 1). Higher relative humidity (RH)
(4.2%) and lesser sunshine duration (8.8%) in 2016 during the cropping season (June to
November) may have resulted in higher numbers of tillers and panicles per plant, but it did not
influence the number of spikelets per panicle, 1000 grain weight or the percent filled grain in
CNT1. In KDK, the higher relative humidity may have reduced the supply of photosynthate
for grain filling leading to a lower percentage of filled grain and less individual seed weight.
In Indica and Japonica rice cultivars, spikelet fertility and percentage of filled grain decreased
with increasing RH.2¢ Furthermore, lower hours of sunlight after heading reduced the number
of filled grains and 1,000 seed weight.?” No data were available for cloud cover in our study
area but the lower sunshine in 2016 is most likely to have been due to increased cloud cover.
Kisimoto and Dyck?® reported that during the rainy season, cloudy weather and high humidity
encourage the survival and multiplication of the gall midge. We observed but did not quantify

that stem borer pest infestation in 2016 was more prevalent in KDK than in 2017.
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The application of low foliar Zn rates (0.1 to 0.4% ZnSO,) increased the Zn
concentration in unpolished and polished rice in both cropping years, except for unpolished
rice of CNT1 in 2016. An increase in grain Zn concentration in unpolished and polished rice
has been reported as a potential tool to raise the Zn concentration in human diets, particularly
in rice consumption countries.>?%2*3% Foliar micronutrient application is effective in reducing
deficiencies in crop plants®!-*2and is suitable under wetland conditions. However, it has been
reported?? that grain Zn concentration is influenced by environmental factors such as
precipitation resulting in differences between cropping years. Whether the small differences in
precipitation during grain filling in our study could have influenced grain filling is unknown.
Thus, improving grain Zn concentration by foliar Zn fertilizer application may also require
attention to the seasonal climate conditions in each growing region. For optimum effects, it
may be necessary to vary the foliar application rate for Zn depending on both the rice cultivar
and prevailing climatic conditions. This area requires further field evaluation.

This study established that rates of foliar Zn application lower than 0.5% ZnSQO,, the
level generally applied,®2° have the potential to improve grain Zn concentration in rice. This is
the first study to explore effects of lower Zn foliar rates on rice grain phytate and nutritional
quality. This study showed that foliar application of 0-0.4% ZnSO, resulted in Zn
concentrations ranging from 19.5 to 34.9 and 17 to 36.8 mg kg-! in unpolished and polished
rice, respectively, in both cultivars and cropping years. This compares to 18.0 and 23.0 mg kg-
!'Zn in unpolished and polished rice, respectively, in CNT1 given 0.5% foliar ZnSO,.!° This
suggests that lower rates of foliar Zn can be effective depending on the cultivar and cropping
season. The remobilization of Zn from vegetative parts via the phloem to the developing grain
after foliar spraying is a key process in the effectiveness of the treatment protocol. This
remobilization is influenced by factors such as the plant cultivar and physiological
characteristics, including phenological stage and/or environmental conditions.?>3433 The
success of foliar Zn application has been reported in other cereals. In China, foliar application
with 0.4% ZnSO, increased whole grain Zn concentration in wheat by 58%, while foliar
application of 0.2%, 0.4%, and 0.5% ZnSO, increased the Zn concentration in flour by 60, 76
and 76%, respectively, compared with the control treatment.® Also, in wheat, increasing the
grain Zn concentration by foliar Zn application decreased the concentration of anti-nutrients

such as phytate.3”8 In field pea (Pisum sativum L.), the phytate concentration in raw grains
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decreased with foliar Zn application (0.25% and 0.5%).3° Likewise, in our study 0.2% and
0.3% ZnSO,4 decreased the phytate concentration in unpolished rice of KDK and in polished
rice of cultivar CNT1. That foliar Zn did not affect the phytate concentration in polished rice
in KDK suggests that there could be differences in the distribution of phytate across grain
tissues among rice varieties. Genotypic variation in phytate distribution was found among rice
cultivars with phytate mostly distributed in the aleurone layer and embryo and rarely present
in the endosperm.*® Thus, the degree of loss of the aleurone layer and embryo during the
polishing process as well as grain morphological traits, such as the thickness of aleurone layer,
may also contribute to differences in phytate concentrations in polished rice.

Reduction in the phytate concentration as reflected in the Zn/phytate ratio in the
second crop differed between rice genotypes, indicating G x E effects on the accumulation of
phytate in unpolished and polished rice. In KDK, the traditional improved rice cultivar, foliar
Zn application improved Zn concentrations and decreased phytate concentrations in
unpolished rice, but not in CNT1, the modern improved rice cultivar. Variation in phytate
concentration has been reported among rice cultivars,*'4? but there is limited information
available on G x E effects. The decrease in the phytate concentration in the polished rice in
2017 across the genotypes might be also associated with the several factors such as time and
polishing machine use in the polishing process and grain morphological characteristic as
mentioned in the above paragraph.

The molar ratio of phytate/zinc is an indicator used to examine the bioavailability of
Zn in the digestive tract in human diets.3** Molar phytate/Zn ratios greater than 15 can
decrease Zn bioavailability, but lower molar ratios of 4 to 8 can also decreased Zn
absorption.®*4> As phytate is a major inhibitor of Zn absorption,***’ the phytate/Zn ration is a
useful tool for predicting the bioavailability of Zn in human diets. In the study (Fig. 4), the
ratio in unpolished rice of CNT1 and KDK ranged from 23 to 36 in 2016. A previous study*®
reported that cereal grains have high ratios between 25 to 34. Moreover, foliar Zn application
decreased the phytate/Zn ratio of both cultivars (Fig. 4). Similarly, Hussain et al.*® found that
the foliar Zn application increased the estimated Zn bioavailability and decreased the molar
ratio of phytate/Zn in the whole grains of wheat.

In conclusion, foliar Zn application is one of the promising ways to improve grain Zn

concentration and to decrease the phytate/Zn ratio in rice grain. This study revealed that
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modern and traditional improved rice cultivars respond differently to foliar Zn application and
the effects can vary with the cropping year. Foliar Zn application had no effect on grain yield,
but increased the Zn concentration in unpolished and polished rice and consequently
decreased the phytate/Zn ratio in rice grain. Foliar Zn application is suitable for producers to
improve grain Zn concentration as well as improving Zn bioavailability for human
consumption. However, further studies are needed to explore optimum foliar Zn rates for the
main commercial rice cultivars in a wider range of growing conditions. In addition, the
effectiveness of decreasing the Zn/phytate ratio in rice on human Zn nutrition needs

investigating in both in vitro and in vivo programs.
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Table 1. Yield components of two rice cultivars (CNT1 and KDK) foliar applied with 5 rates
of ZnSO, grown at two cropping years (2016 and 2017).

Tiller Panicle  Spikelet 1,000 seeds Filled
Cropping year Cultivar ' _ ‘
hill-! plant-! panicle!  weight (g)  grain (%)
2016 CNT 209 a 17.8 a 1343b  29.7b 93.8a
KDK 99c¢ 8.4c 202.2a 30.2b 83.5b
2017 CNT 16.6 b 14.8b 152.1b 2990 91.5a
KDK 8.6 ¢ 7.0c 196.7 a 328 a 935a
Foliar Zn
0.92 0.79 0.21 0.04 0.29
(P-Value)!

Means in the same column followed by different letters are significantly different at P<0.05.

evel of significance was set at P <0.05.
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Abstract

Management of soil water status and nutrient supply are critical for optimizing rice yield and quality. This study
explored the response in grain yield and quality of upland and wetland rice varieties to a combination of Zn and
N fertilizers under two water management regimes. Upland (KHCMU) and wetland (CNT1) rice varieties were
grown in the wet season at Chiang Mai University, Thailand with three fertilizer treatments (optimum N-Zn,
optimum N+Zn, and high N+Zn) under waterlogged and well-drained conditions. Grain yield was 27% lower in
the well-drained than in the waterlogged condition in wetland rice, while there was no effect in upland rice.
Application of optimum N+Zn produced the highest grain yield in upland rice, while yield was highest in wetland
rice in the high N+Zn treatment. The optimum N+Zn and high N+Zn treatments enhanced grain Zn concentration
of upland rice by about 40% in the well-drained condition compared with optimum N-Zn, but there was no
significant increase in the well-drained condition. Grain Zn concentration in wetland rice was enhanced by about
88% in the optimum N+Zn and high N+Zn treatments in the well-drained condition, whereas in the waterlogged
condition only the high N+Zn increased (by 92%) grain Zn concentration. Applying N+Zn fertilizer also increased
grain N concentration. The application of appropriate levels of N+Zn fertilizers should be promoted to rice

producers to enhance both grain yield and grain nutrient content.
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1 Introduction

Zinc is an essential micronutrient for plants, being a cofactor in many proteins involved in cell division, nucleic
acid metabolism and protein synthesis as well as playing a key role in controlling the activity of the anti-oxidative
enzymes by protecting cells from reactive oxygen species (Broadley et al. 2012). Hence, Zn deficiency can
markedly reduce crop yields (Alloway 2008). Also, Zn is essential for cell division, protein synthesis, cell-
mediated immunity, antioxidant and anti-inflammatory agents in humans (FAO and WHO 2001; Prasad 2014)
and a lack of Zn causes stunting, delayed sexual maturity, reduced bone maturation and cognitive impairment
(Hambidge 2000). Therefore, improving Zn accumulation not only can increase plant growth and productivity in
low Zn soils, but also may enhance human health, especially in rice which contains low levels of Zn (25.4 mg
kg* for brown rice) compared with wheat (35.0 mg kg™*) (Graham et al. 1999). Agronomic biofortification has
been suggested as a potential way to increase both grain Zn and vyield, particularly by fertilizer management
(Cakmak and Kutman 2018; Saha et al. 2017). Applying Zn to soil appears to be one of the most cost-effective
means to overcome Zn deficiency as it is a practical method employed by rice farmers in all regions. However,
little is known of the response of rice ecotypes to Zn supply under different soil conditions.

Change in soil water content can alter the chemical and physical properties of soil, including pH, redox
potential and organic matter (Alloway 2009), thus affecting biological properties for root function like ion uptake
and respiration (Marschner and Rengel 2012). In waterlogged soil, Zn fertilizer can be changed into insoluble
forms of Zn(OH), and ZnS, resulting in low Zn availability for plants (Alloway 2008). The availability of Zn in
dryland rice can also be limited from a reduction in soil redox potential (Impa et al. 2013). Beebout et al. (2016)
showed that application of Zn fertilizer to a wetland rice variety towards the end of the drying season could
increase Zn in the polished grain due to the higher extractable soil Zn under non-continuous than continuous
flooding environments. Similarly, alternate wetting and drying increased Zn concentrations in brown and polished
rice in a wetland rice variety compared to continuous flooding (Wang et al. 2014). Applying Zn fertilizer for
promoting productivity and grain Zn concentration has been well established in many crops, but the effect in
combination with N fertilizer is rarely observed. However, in wheat an increase in Zn accumulation in the grain
was induced by nitrogen (N) application (Erenoglu et al. 2010). This is an interesting phenomenon as application
of N fertilizer is one of the main factors influencing rice yield (Wade et al. 1999) and grain quality (Jaksomsak et
al. 2017). It is not known whether applying Zn together with N fertilizer can enhance Zn uptake and grain yield

in rice under different agronomic conditions. Guo et al. (2015) established that the effects of Zn application varied
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according to native soil Zn availability, and the N and Zn fertilizer application method. In particular, soil Zn
application improved rice grain yield more than foliar Zn application, but the foliar Zn spray was more effective
at increasing grain Zn content than soil Zn application. The study also mentioned that the interaction between Zn
and N fertilizer should be carefully investigated to adjust the fertilization practice in the rice field. With submerged
cropping in Basmati rice, N (120 kg ha) and Zn (12 kg ha?) fertilization led to maximum grain protein
concentration (Ali et al. 2014).

This study aimed to further investigate how upland and wetland rice varieties respond to Zn and N fertilizer
application in waterlogged and well-drained soil rather than individual Zn fertilizer application. It was
hypothesized that applying N+Zn fertilizer can enhance grain yield and Zn accumulation, and management of soil
water can improve Zn availability and consequently increase grain yield and Zn accumulation. The information
should be useful to help optimize the management of both soil and fertilizer conditions in order to maximize grain

yield and grain Zn concentration among different rice varieties.

2 Materials and Methods

2.1 Rice Variety and Plant Culture

A factorial arrangement based on a randomized complete block design composed of three factors as rice variety,
soil water condition and fertilizer management was carried out with three replications of each treatment. Two rice
varieties with different original ecotypes representing upland rice (Kum Hom CMU; KHCMU) and wetland rice
(Chai Nat 1; CNT1) were grown in the wet season (August to December 2016) at Chiang Mai University, Thailand
(18°47'N, 98°57'E). The seven-day old seedlings were transplanted into cement pots with 1.0 m diameter and 0.5
m height, one plant per hill and 12 plants per pot with spacing between hills of approximately 0.25 x 0.25 m. Each
pot contained about 160 kg of Sansai series soil obtained from a rice field in the area where the experiment was
located. The soil chemical profiles were as follows: pH 5.82 (1:1, soil:water), organic matter 1.38% (Walkley-
Black method), available phosphorus 35.06 mg kg (Bray 1), exchangeable potassium 39.28 mg kg™ (NH4OAc,
pH 7) and extractable Zn 0.73 mg kg™ (DTPA).

The two soil water conditions were waterlogged and well-drained. The containers for the latter treatment had
drainage holes. For the waterlogged soil, water was maintained at 5-10 cm depth above the soil surface from
transplanting until harvesting. For the well-drained soil, water was applied twice daily to maintain field capacity

throughout the period. Three fertilizer treatments were applied on a surface area basis as follows: 1) urea at the
4
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optimum rate at 86 kg N ha* as suggested by the Department of Agriculture, Rice Research Institute (2019) for
common practice in farmers’ fields, designated as optimum N-Zn; 2) the optimum N rate combined with Zn
fertilizer at 50 kg ZnSO4 ha™t, designated as optimum N+2Zn; and 3) high N rate at 172 kg N ha'* combined with
50 kg ZnSO4 ha'?, designated as high N+Zn. All treatments were given phosphorus (NaH,PO) and potassium
(KCI), each compound at 188 kg ha™. Fertilizers were applied directly onto the soil in three split applications at
maximum tillering, panicle initiation and flowering stages. The fertilizers were manually incorporated into the

surface soil between the rice plants.

2.2 Data Collection and Sample Preparation

Four plants were harvested randomly from each pot at booting, 15 days after flowering (15 DAF) and maturity.
At each harvest, the main shoot and tillers were partitioned into flag leaf, remainder of shoot (leaf blade, stem +
leaf sheath and panicle), and grain (at maturity). The samples were washed twice with distilled water before being
oven-dried at 75°C for 72 h. The dried samples were mechanically ground in a hammer mill (Scientific Technical
Supplies D-6072 Dreieich, West Germany) before chemical analysis. Grain yield and yield components (number
of tillers and panicles per plant and one thousand grain weight) were evaluated at maturity. Rice seed samples

were de-husked manually to produce brown rice to avoid contamination from using a husker machine.

2.3 Chemical Analysis

Zinc was determined with an atomic absorption spectrophotometer on samples that were dry-ashed at 550°C and
dissolved in acid (Allan 1961) and total N was measured with a flow injection analyzer (Quick-Chem 8000) after
digestion by the Kjeldahl method (Bremner 1960). Peach leaves were used as the certified standard material (SRM
1547) for both Zn and N analyses. Percentage of grain Zn partitioning was calculated from the Zn content ratio

between rice grain and the above-ground, whole plant content.

2.4 Statistical Analysis

Statistical analyses were carried out using analysis of variance (ANOVA) (Statistic version 8.0 window). The
least significant difference (LSD) at P<0.05 was used to compare the means for significant differences among

parameters. Correlation coefficient analysis was conducted for each set of parameters.

5
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3 Results

3.1 Grain Yield and Yield Components

Grain yield was significantly affected by soil condition in CNT1, the wetland variety (p<0.05; Fig. 1A), there
being 38% higher grain yield in waterlogged soil (66 g plant™) than in the well-drained soil (48 g plant™). In the
upland rice variety KHCMU, grain yield averaged 43 g plant? in waterlogged and well-drained soils.
Furthermore, there was an interaction effect between variety and fertilizer treatment for grain yield (p<0.05; Fig.
1B). In KHCMU, the optimum N+Zn plants (50 g plant?) produced 11% and 47% higher grain yield than the
high N+Zn plants (45 g plant™) and the optimum N-Zn plants (34 g plant™), respectively. However, there was a
different response to fertilizer treatment in CNT1, the high N+Zn plants had 11% higher grain yield (61 g plant”
1y than the other two treatments (55 g plant™).

The numbers of tillers and panicles per plant were significantly affected by soil condition and rice variety
(p<0.05; Table 1). The upland rice variety KHCMU grown in well-drained soil produced 36—-37% more tillers and
panicles per plant than in waterlogged soil. By contrast, CNT1 had 70-96% more tillers and panicles in the
waterlogged soil than in the well-drained soil. Also, there was a significant interaction between fertilizer and
variety on the number of tillers and panicles per plant (p<0.05; Table 1). There were no significant differences in
the number of tillers and panicles per plant in KHCMU, but in CNT1 there were 11-14% more tillers and panicles
per plant in the high N+Zn compared to the optimum N-Zn and optimum N+Zn plants. In addition, there was an
interaction effect between variety and soil condition on one thousand-grain weight (p<0.05; Table 1). In KHCMU,
well-drained plants had 9% higher thousand-grain weight than waterlogged plants, but there was no difference in
CNT1. The effect of fertilizer treatment on one thousand-grain weight differed between the varieties (p<0.05;
Table 1). In KHCMU, optimum N+Zn and high N+Zn plants had 20% higher thousand-grain weight than the
optimum N plants. However, fertilizer treatment had no impact on one thousand-grain weight in CNT1.

There was a positive correlation between grain yield and one thousand-grain weight in KHCMU (r = 0.64,
p<0.01), but not in CNT1 (Table 2). In addition, grain yield was positively correlated with the number of tillers
and panicles per plant (r = 0.94, p<0.001; r = 0.92, p<0.001, respectively) in CNT1, but not in KHCMU (Table

2).

3.2 Grain Zn and N Concentrations
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Grain Zn concentration was significantly affected by the interaction between variety, soil condition and fertilizer
treatment (p<0.05; Figure 2). In KHCMU grown in waterlogged soil, applying optimum N+Zn resulted in the
highest grain Zn concentration (30 mg kg™) followed by high N+Zn (26 mg kg*), which were 50% and 30%
higher concentrations than in optimum N-Zn plants (20 mg kg™), respectively. However, there was no difference
in grain Zn concentration in KHCMU among fertilizer treatments in well-drained soil. In CNT1 grown in
waterlogged soil, the grain Zn concentration in high N+Zn plants was 92% higher (25 mg kg ) than in optimum
N+Zn and optimum N-Zn (13 mg kg?) plants. However, there were different responses in well-drained soil as the
optimum N+Zn and high N+2Zn plants had similar grain Zn concentrations (range 24 to 25 mg kg*) which were
88% higher than in the optimum N-Zn plants (13 mg kg?). In addition, grain N concentration was significantly
affected by variety (p<0.05; Fig. 3A) and fertilizer treatment (p<0.05; Fig. 3B), but there was no interaction. The
wetland rice variety CNT1 had 19% higher grain N concentration (1.7%) than the upland variety KHCMU (1.4%).
Among the fertilizer treatments, optimum N+Zn and high N+Zn plants had similar grain N concentrations (1.6—
1.7%) which were higher than in the optimum N-Zn plants (1.4%).

Increasing grain N concentration enhanced grain Zn concentration in the upland rice variety KHCMU (y =
0.0369x + 0.8209; R2 = 0.29, p<0.05), and more strongly in the wetland rice variety CNT1 (y = 0.0284x + 0.9065;
R2=0.66, p<0.001) (Fig. 4A). Moreover, grain yield was positively correlated with grain Zn and N concentrations
in KHCMU (r = 0.84, p<0.001 and r = 0.52, p<0.05, respectively), but there was no correlation between grain
yield and grain Zn and N concentrations in CNT1 (r = 0.00ns, p<0.05 and r = 0.00ns, p<0.05, respectively) (Fig.

4B, C).

3.3 Flag Leaf Zn and N Concentrations

Fertilizer treatment and soil condition affected flag leaf Zn concentration and the responses differed between the
upland and wetland rice varieties (p<0.05; Table 3). In KHCMU, there was no difference in flag leaf Zn
concentrations between the optimum N+Zn and high N+Zn plants in the waterlogged soil. These treatments had
34% higher Zn concentration than the optimum N-Zn plants. Similar responses were found in the well-drained
soil where the optimum N+Zn and high N+Zn plants had 85-95% higher Zn concentrations in the flag leaf than
in the optimum N-Zn plants. In the waterlogged CNT1, the high N+Zn plants had 115-168% higher flag leaf Zn
concentration than the optimum N and optimum N+Zn plants, but in the well-drained soil the optimum N+Zn and
high N+Zn plants had similar flag leaf Zn concentrations which were 22—-33% higher than in the optimum N-Zn

plants.
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At 15 DAF, there was a significant interaction between variety, soil condition and fertilizer treatment on flag
leaf Zn concentration (p<0.05; Table 3). In KHCMU grown in waterlogged soil, the optimum N+Zn plants had
81% higher flag leaf Zn concentration than the high N+Zn and optimum N-Zn plants; whereas in the well-drained
soil, both the optimum N+2Zn and the high N+Zn plants had higher flag leaf Zn than the optimum N-Zn plants. In
CNT1, the flag leaf Zn concentration was highest in high N+Zn plants and lowest in optimum N-Zn plants. By
contrast, in well-drained soil the optimum N+Zn plants had the highest flag leaf Zn concentration, while the lowest
was in optimum N-Zn plants.

At maturity, the flag leaf Zn concentration was also significantly affected by rice variety, water condition and
fertilizer treatment (p<0.05; Table 3). In KHCMU, the high N+Zn plants grown in waterlogged soil had 27% and
510% higher flag leaf Zn concentration than the optimum N+Zn and optimum N-Zn plants, respectively. By
contrast, in well-drained soil, the flag leaf Zn concentration was highest in the optimum N+Zn plants. In CNT1 in
waterlogged soil, the flag leaf of the high N+Zn plants also had the highest Zn concentration, being 358% more
than in the optimum N+Zn and optimum N-Zn plants. However, in well-drained soil the flag leaf Zn concentration
was similar in the N+Zn and high N+Zn plants, being 122% on average higher than the optimum N-Zn plants.

There was a significant interaction effect between soil condition, fertilizer and variety on N concentration in
the flag leaf at booting (p<0.05; Table 3). In KHCMU grown in waterlogged soil, applying high N+Zn increased
the flag leaf N concentration by 18% above the optimum N+Zn treatment. Furthermore, the flag leaf N
concentration was 10% higher in the optimum N+Zn plants than in the optimum N-Zn plants. A similar response
was evident in the well-drained soil, where the high N+Zn plants had 14% and 27% higher flag leaf N
concentrations than the optimum N+Zn and optimum N-Zn plants, respectively. The flag leaf N concentration in
CNT1 in the N+Zn plants in the waterlogged soil was 40% higher than in the other two fertilizer treatments, but
the N concentration was 5% lower in the optimum N+Zn than in the optimum N-Zn plants. However, the flag leaf
N concentration in plants grown in well-drained soil did not differ between the optimum N+Zn and high N+Zn
treatments as both had 13% higher N concentration than in the optimum N-Zn plants.

Variety, soil condition and fertilizer treatment significantly affected flag leaf N concentration at 15 DAF stage
(p<0.05; Table 3). In KHCMU in waterlogged soil, high N+Zn plants had 44% and 13% higher flag leaf N
concentrations, respectively, than the optimum N+Zn and optimum N-Zn plants. Compared to the optimum N
plants, there was a 28% higher flag leaf N concentration in the optimum N+Zn plants. In well-drained soil, high
N+Zn plants had 105% and 48% higher flag leaf N concentrations than the optimum N+Zn and optimum N-Zn

plants, respectively. In CNT1, the optimum N-Zn and optimum N+Zn plants had 5-11% higher flag leaf N
8
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concentrations than in the high N+Zn plants. Furthermore, in well-drained soil, high N+Zn plants had 64% and
28% higher flag leaf N concentration than in the optimum N+Zn and optimum N-Zn plants, respectively.

At grain maturity, the flag leaf N concentration was significantly affected by variety, water condition and
fertilizer treatment (p<0.05; Table 3). In KHCMU grown in waterlogged soil, the high N+Zn plants had 23% and
77% higher flag leaf N concentrations than in the optimum N+Zn and optimum N-Zn plants, respectively. Also,
the flag leaf N concentration was 44% higher in the optimum N+Zn than in the optimum N-Zn plants. Similarly,
in the well-drained soil, the high N+Zn plants had 42% and 70% higher N concentration in the flag leaf than in
the optimum N+Zn and optimum N-Zn plants, respectively. A contrasting response was evident between the
waterlogged and well-drained CNT1 plants as optimum N+Zn plants had 11% and 20% higher N concentrations
than optimum N-Zn and high N+Zn plants, respectively, in waterlogged soil, whereas the high N+Zn plants had

10-38% higher flag leaf N concentrations than the other fertilizer treatments in the well-drained soil.

3.4 Relationship between Flag Leaf and Grain Zn and N Concentrations

Relationships between flag leaf Zn and grain Zn and N concentrations were explored using coefficient of
determination analysis (Table 4). Grain Zn concentration increased with a rise in flag leaf Zn concentration in
both KHCMU (R? = 0.34, p<0.05) and CNT1 (R? = 0.56, p<0.01). Also, there were significant linear relationships
between flag leaf Zn and grain N concentrations in KHCMU (R2 = 0.29, p<0.05) and CNT1 (R2? = 0.25, p<0.01).
There was a positive linear relationship between flag leaf N concentration and grain Zn and N concentrations in
both varieties (Table 4). In KHCMU, flag leaf N concentration was strongly associated with grain N concentration
(R2=0.76, p<0.001), but there was no relationship in CNT1 (R2=0.01ns, p<0.05). In KHCMU, there was a weak
positive linear relationship between flag leaf N concentration and grain Zn concentration (R2 = 0.24, p<0.05), but

this was not the case in CNT1 (R2 = 0.07ns, p<0.05).

3.5 Zn Content in Plant Tissues

The effect of fertilizer treatment and soil condition on Zn content in the shoot and grain differed between rice
varieties (p<0.05; Table 5). In KHCMU in waterlogged soil, the shoot Zn content in the optimum N+2Zn and high
N+Zn plants were 180% and 720%, respectively, higher than in the optimum N-Zn plants at 15 DAF and both
were 100% higher than optimum plants at maturity. However, shoot Zn content at booting and grain Zn content

at maturity were not affected by fertilizer treatment. On the other hand, Zn partitioning from the whole plant



230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

(shoot and flag leaf) into grain (24%) was similar in optimum N+Zn and optimum N-Zn plants but was lower
(16%) in high N+Zn plants. In well-drained soil, applying both optimum N+Zn and high N+Zn increased shoot
Zn content in all growth stages. Shoot Zn content in optimum N+Zn and high N+Zn plants was 155% and 88%
higher than optimum N-Zn plants at booting stage, 250% and 500% at 15 DAF and 307% and 350% at maturity,
respectively. However, grain Zn content was not affected by fertilizer treatment. In addition, Zn partitioning into
grain was highest in the optimum N-Zn plants (18%) and significantly lower in the optimum N+Zn and high N+Zn
plants (6-7%).

In CNT1, there was a significant effect of the fertilizer treatments on the Zn content of plants grown in
waterlogged and in well-drained soils (p<0.05; Table 5). The shoot Zn content was increased by 161% from
booting to 15 DAF and remained constant to maturity in waterlogged soil, while in well-drained soil the shoot Zn
content decreased by about 10% from booting to 15 DAF. In waterlogged soil, the effect of fertilizer treatment
showed that at 15DAF the shoot Zn content in high N+Zn plants was 355% higher than in the optimum N-Zn and
optimum N+Zn plants at booting. At maturity, the shoot Zn content was 410% higher in high N+Zn plants than
in the optimum N-Zn and optimum N+Zn plants. However, grain Zn content was not affected by fertilizer
treatments, while Zn partitioning into grain in optimum N+Zn (20%) and optimum N-Zn (17%) plants was higher
than in high N+Zn (11%) plants. In well-drained soil, at booting optimum N+Zn and high N+Zn plants had 27%
and 123% higher shoot Zn content than the optimum N-Zn plants, while at 15DAF and at maturity, the shoot Zn
contents in the high N+Zn plants were 378% and 118% higher than in the optimum N-Zn and optimum N+Zn
plants, respectively. Grain Zn content was not affected by fertilizer treatments, but grain Zn partitioning was
slightly affected as the optimum N+2Zn plants accumulated more (10%) than the optimum N-Zn and high N+Zn

(6-7%) plants.

4 Discussion

Agronomic practices should be able to be optimized for rice grain yield as well as grain nutritional quality.
Nutrient management is one of the most effective tools to maintain both rice quantity and quality. Applying Zn
fertilizer for enhancing productivity and grain Zn concentration has been well documented in many crops, but
only some studies have suggested that combining Zn with N fertilizer can improve crop nutrition and grain yield
(Pascoalino et al. 2018; Gonzalez et al. 2019). In rice production in particular, there are limitations that affect the
availability of nutrients in soil due to the different water status in upland and paddy rice culture. As fertilization

practices for Thai rice have not been fully documented, the combination of N and Zn fertilizer under cultivation
10
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in well-drained and waterlogged soils, instead of individually applying Zn fertilizer, was explored with two rice
varieties in this study.

Grain yield of the two rice varieties responded differently to water management. Grain yield of the wetland
variety (naturally grown in waterlogged soil) was strongly reduced in the well-drained treatment due to a reduction
in the number of tillers and panicles. Previous studies have shown that planting rice in dry-land soil often resulted
in reduced grain yield especially in wetland rice (Datta et al. 2017). The reduction in grain yield in the wetland
variety in the well-drained treatment may have been due to limitations in the architecture of the root system. Poor
root development can limit both nutrient and water uptake (Kato and Katsura 2014). Soil fertility can constraint
dry-land rice production as a sharp decrease in potassium accumulation was reported in rice plants under limited
irrigation compared with continuous flooding (Alhaj Hamoud et al. 2019). However, the yield of the upland
variety (naturally grown in well-drained soil) was stable across the two water treatments.

Applying Zn fertilizer with optimum and high N significantly enhanced grain yield of upland rice over that of
the N treatment without Zn. The increase was highest in the optimum N+Zn treatment. However, grain yield of
wetland rice was only increased in the high N+Zn treatment. Moreover, there were different responses in the yield
components to the fertilizer treatments in the two varieties. Guo et al. (2016) reported that applying 50 kg of
ZnSO4 ha! increased grain yield of wetland rice and the yield increase was more obvious in a borderline Zn
deficient soil (0.6 mg Zn kg™?) than in a low Zn soil (0.8 mg Zn kg™). The current results showed that applying
50 kg of ZnSQO, into a soil with Zn of 0.73 mg kg increased grain weight of upland rice about 20%, but this
response was not found in wetland rice. Also, the number of spikelets panicle™ of submerged rice grown in an
alkaline calcareous soil under waterlogged condition increased with Zn fertilizer at 14 kg Zn ha™ compared with
no Zn fertilizer (Ali et al. 2014). However, yield components (number of tillers plant™, number of grains panicle
!, etc.) were not increased by applying 120 kg N ha™* and 5 kg Zn ha™* to hybrid aromatic rice compared to
applying N alone (Shahane et al. 2018). It seems that that the improvement in grain yield with Zn application
differs with rice variety based on the response in grain weight or the number of spikelets panicle™.

Applying Zn fertilizer enhanced the grain Zn concentration in both varieties, however, this depended on the
soil condition. The well-drained condition improved Zn availability in soil and increased grain Zn concentration
in both upland and wetland varieties. Compared to the N alone treatment, applying optimum N+Zn treatment
increased about 58% grain Zn concentration of wetland rice in well-drained soil, but was not increased in
waterlogged soil. In a previous report, the increase in grain Zn concentration in polished rice with Zn fertilizer

was greater under alternate wetting than with continuous flooding (Wang et al. 2014). This is because oxygen
11
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supply enhances Zn?* uptake (Chatzistathis 2014). Plant-available Zn in waterlogged soil may be limited due to
low redox potentials resulting in precipitation of Zn?* as insoluble compounds such as zinc hydroxide and zinc
sulfide (Alloway 2008). In calcareous soils, wetland rice can struggle to obtain adequate Zn, as shown by Gao et
al. (2006), due to the unavailability of Zn at high pH. Furthermore, a significant increase in grain Zn concentration
in wetland rice grown in waterlogged soil was found in high N+Zn treatment, but it was not increased by the
optimum N+Zn treatment. Even, the role of N on increasing grain Zn concentration is not well understood. The
effect within the plant, N fertilizer may alter the rhizosphere pH, changing Zn availability in waterlogged soil
(Lindsay 1972). Lui et al. (2018) reported applying N at the higher rate could decrease the soil pH and result in
enhance the transformation of exchangeable, loose organic and carbonate-bound Zn from the other fractions.
Grain N concentration was enhanced by N combined with Zn fertilizer application, which is in accordance
with a previous report that showed that grain N concentration was affected by the Zn application rate (Guo et al.
2015). Similarly, the application of N combined with a high Zn rate increased the protein content of wheat
(Gonzalez et al. 2019). However, further work is necessary to understand the dynamics of N supply as grain N
concentration did not further increase with the higher N rate. The positive correlation between grain N and Zn in
the two rice cultivars used indicates a link between these elements and their supply during grain filling which
requires further elucidation. Jaksomsak et al. (2017) also reported a positive correlation between Zn and N
concentrations in brown rice. Within the grain there is a strong association between N and Zn due to the role of

storage proteins in binding Zn (Dionisio et al. 2018; Uddin et al. 2014).

5 Conclusions

Applying Zn with optimum N fertilizer enhanced grain yield and grain Zn concentration in the upland variety
especially in the waterlogged soil. However, the water conditions did not mainly affect rice grain yield. The
increased grain yield of upland rice was because of increasing grain weight. Grain yield of the wetland variety
was strongly reduced in the well-drained treatment due to a reduction in the number of tillers and panicles. The
highest grain yield and grain Zn concentration were increased by applying Zn with high N fertilizer, especially in
waterlogged soil. There is potential to improve grain yield and grain nutritional value of Thai rice varieties through
appropriate water and nutrient management. Our results should be extended to a wider range of N and Zn
application rates and rice varieties. Establishing appropriate soil water conditions for Thai rice varieties should

enhance returns to producers.
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Table 1 Number of tillers and panicles plant* and 1,000 grain weight of upland (KHCMU) and wetland (CNT1)

rice varieties grown under different water condition and fertilizer treatment

Number of Number of 1,000 grain
tillers plant™ panicles plant? weight (g)
Water Fertilizer
KH KH KH
CNT1 CNT1 CNT1
CMU CMU CMU
Waterlogged 6.9° 31.84 6.7° 29.64 31.38 29.8¢
Well-drained 9.4¢ 18.78 9.2¢ 15.18 34.14 28.9¢
Optimum N-Zn 7.7° 24.2° 7.5¢ 21.4° 28.8° 29.2°
Optimum N+Zn 7.6° 24.6" 7.5¢ 21.3 34.02 28.7°
High N+2Zn 9.2¢ 27.18 8.8° 24.42 35.22 30.3°
LSDo.os (Variety x Water) 1.8 1.9 1.4
LSDoos (Variety x Fertilizer) 2.3 2.3 1.7

Different uppercase letters indicate least significant differences among variety and water condition in each
parameter (P<0.05). Different lowercase letters indicate least significant differences among variety and fertilizer

treatment in each parameter (P<0.05)

Table 2 Relationship between grain yield and yield components (number of tillers and panicles plant™ and 1,000
grain weight) of upland rice (KHCMU) and wetland rice (CNT1) grown under different water and fertilizer

managements (n = 18)

Number of tillers Number of panicles 1,000 grain

plant? plant? weight (g)
KHCMU r=10.076ns r=0.07ns r=0.64**
CNT1 r = 0.94%** r=0.93*** r =0.44ns

16



402 Table 3 Zn and N concentrations in the flag leaf of upland (KHCMU) and wetland (CNT1) rice varieties grown

403 under the differences of water condition and fertilizer treatment at booting, 15 days after flowering (15 DAF) and

404 maturity

KHCMU CNT1 LSDo.os
(Variety x
Growth Fertilizer Water- Well- Water- Well-
Water x
stage logged drained logged drained
Fertilizer)
Zn concentration (mg kg?)
Booting Optimum N-Zn 18.7d 18.4 de 16.6 de 26.5¢ 5.3
Optimum N+Zn 25.0c 359a 13.3e 324 ab
High N+Zn 28.2 bc 34.0a 35.7a 35.2a
15 DAF Optimum N-Zn 13.1e 15.1e 134¢e 20.8 ed 3.2
Optimum N+Zn 239c 33.8a 19.4d 36.3a
High N+Zn 133e 23.2¢c 35.7a 30.3b
Maturity Optimum N-Zn 6.1e 16.3d 16.8d 15.6d 8.4
Optimum N+Zn 29.3¢ 455b 17.3d 31.8¢
High N+Zn 37.2 be 20.6d 79.3a 37.4 bc
N concentration (%)
Booting Optimum N-Zn 3.0d 269 3.2¢ 244 0.14
Optimum N+Zn 33¢c 2.9 de 3.0d 2.7f
High N+Zn 39b 3.3¢ 42a 2.8 ef
15 DAF Optimum N-Zn 25e 29d 20h 18] 0.10
Optimum N+Zn 3.2¢ 2.1gh 2.1¢g 1.4k
High N+Zn 36b 43a 1.9i 2.3f
Maturity Optimum N-Zn 09¢g 10f 09¢g 10f 0.04
Optimum N+Zn 13¢c 1.2d 10f 0.8h
High N+Zn 16b 1.7a 0.8h lle

405 Different letters indicate least significant differences among variety, water condition and fertilizer treatment in

406  each growth stage (P<0.05)
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407  Table 4 Relationship between matured flag leaf Zn concentration and Zn and N concentrations in the grain, and
408 between matured flag leaf N concentration and Zn and N concentrations in the grain of upland (KHCMU) and

409 wetland (CNT1) rice varieties grown under difference of water condition and fertilizer treatment (n = 18)

Grain Zn Grain N
Variety

(mg kg ™)

(%)

Flag leaf Zn

(mg kg™)

Flag leaf N (%)

y =2.0213x — 28.618
R2=0.34*

y = 0.2035x + 12.094
R2=0.56**

y = 5.5354x + 19.416
R2=0.24*

y =-13.398x + 31.392

R2=0.07ns

y = 26.408X — 21.727
R2 = 0.29*

y = 0.0048x + 1.2845
R2 = 0.25*

y =1.1131x — 0.7276
R2 = 0.76%**

y = 0.1739x + 1.2782

R2=0.01ns

410 Values with significance of linear regression: * P<0.05; ** P<0.01; *** P<0.001; Ns not significant at P<0.05
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411 Table 5 Partitioning of Zn in the shoots and grains of upland (KHCMU) and wetland (CNT1) rice varieties grown
412 under waterlogged and well-drained soils with different fertilizer treatments at booting, 15 days after flowering

413 (15 DAF) and maturity

Fertilizer (F) LSDo.os
Plant tissues (P) Optimum Optimum High (PxF)
N-Zn N+Zn N+Zn
KHCMU
Waterlogged Shoot at booting 04c 0.7¢ 0.6¢c 0.3
Shoot at 15 DAF 05¢c 145D 41a
Shoot at maturity 0.7c 14b 1.8b
Grain 0.2c 0.4c 0.3c
Grain zinc partitioning (%) 24 A 24 A 16 B 3
Well-drained Shoot at booting 0.9fg 2.3d 17¢e 0.3
Shoot at 15 DAF 1.2 ef 42c 7.2a
Shoot at maturity 1.4 ef 5.7b 6.3b
Grain 0.3h 0.4 gh 0.4 gh
Grain zinc partitioning (%) 18 A 7B 6B 2
CNT1
Waterlogged Shoot at booting 0.9 ef l4e 4.1b 0.5
Shoot at 15 DAF 29c 1.94d 11.8a
Shoot at maturity 1.0 ef 1l2e 4.1b
Grain 0.2¢g 0.3¢g 0.5fg
Grain zinc partitioning (%) 17 A 20 A 11B 4
Well-drained Shoot at booting 2.6 ef 3.3d 6.5b 0.5
Shoot at 15 DAF 19¢ 2.11fg 72a
Shoot at maturity 2.7¢e 2.8 de 59¢
Grain 0.2h 0.3h 0.4h
Grain zinc partitioning (%) 7B 10A 7B 1

414 Different lowercase letters indicate least significant differences among plant part and fertilizer management in

415 each row (P<0.05). Different uppercase letters indicate least significant differences among three fertilizer
19



416 managements in each row (P<0.05). Grain Zn distribution indicates distribution of Zn content (%) to total zinc in

417 matured shoot

418
A LSD, g5 (Variety x Water) = 2.0 (B) LSD, o5 (Variety x Fertilizer) = 2.5
70 + a 70 f a
7 60 + T 60 A c b b
S 50 - c ¢ b S 50 A d
2 40 1 2 40 { e
2 30 - 3 30 -
> >
£ 20 f1 c 20 A
o g
o 10 4 o 10 A
0 0
KHCMU CNT1 KHCMU CNT1
0 Waterlogged m Well-drained OOptimum N-Zn @Optimum N+Zn ®mHigh N+Zn
419

420 Fig. 1 Grain yield of upland (KHCMU) and wetland (CNT1) rice varieties affected by water condition (A) and

421 fertilizer treatment (B)

422
LSD, o5 (Variety x Water x Fertilizer) = 3.6
_ 35 H ]
T a abc a
2 301 a-d bcd cd d
g 254 — de
§ 201
8 15 - f f f
c
8 10 -
c
S i
(o=
N
Waterlogged Well-drained | Waterlogged Well-drained
KHCMU CNT1
423 OOptimum N-Zn @O0ptimum N+Zn mHigh N+Zn

424  Fig. 2 Grain Zn concentration in the grain of upland (KHCMU) and wetland (CNT1) rice varieties grown under

425 different water and fertilizer treatments
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427 Fig. 3 The average grain N concentration of upland (KHCMU) and wetland (CNT1) rice varieties as affected by

428 rice genotype (A) and fertilizer treatment (B)
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432 (n=18).
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Abstract: This study evaluated the effects of water and fertilizer
managements on grain yield and nutrient accumulation in upland and
wetland rice varieties. The two rice varieties representing upland (KH
CMU) and wetland (CNTI1) ecotypes were grown in different water
conditions and fertilizer managements. The interaction between variety
and water condition had significantly affected on grain yield and straw dry
weight. The water condition and fertilizer management were also affected
on grain nutrient concentrations differently between the two varieties. The
difference in responses to grain nutrients between the two rice varieties
representing their original ecotypes of wetland and lowland is the key
factor with respect to the proper management of water and fertilizers in
order to maximize in both grain yield and nutrition. This knowledge is
useful for the proper management of water and fertilizers for improving
grain yield and nutrient accumulation. However, increasing the number of
rice varieties in each upland and wetland ecotypes is needed to confirm the
responses to water and fertilizer management in the future study.

Keywords: Rice Ecotype, Upland Rice, Wetland Rice, Foliar Fertilization,

Aerobic Condition

Introduction

Nitrogen (N), Phosphorus (P) and potassium (K) are
the common macronutrient fertilizers used by farmers
to improve rice crop production. In Bangladesh,
applying of 87 kg N, 20 kg P and 25 kg K ha™ in rice
crops increased grain yield from 3.6 t ha” with no
fertilizer application to 7.5 t ha™ due to improving of
plant height, number of tillers and panicles per hill and
grains per panicle (Islam et al., 2011). This has also
been observed in China where N, P and K fertilizer
application was found to increase grain yield by 10.1,
5.0 and 8.6%, respectively, compared with no fertilizer
application (Xu et al., 2016). Direct broadcasting of
fertilizers in the crop soil is the practice followed by
farmers which has effect on the transport and
movement of nutrients from the soil solution into plants
and effectively improved crop yield (Moraghan and

% Science

Publications

Mascagni, 1991; Comerford, 2005). On the other hand,
foliar fertilizer application is an alternative fertilizer
application in rice by spraying the fertilizer directly
onto the leaf, especially in the case of micronutrients in
which the nutrients are diffused through the cuticle,
then transported through the cell wall by passive
transport and finally move through the plasma
membrane by active transport to enter the plant cell
(Fageria et al., 2009). This technique has been reported
as an efficient method as it allows the absorption to
occur rapidly into the inner cell layers of the leaf and
other reproductive organs (Ahmad and Jabeen, 2005;
Ganapathy et al., 2008), which consequently results in
an increase in both the quality and quantity of
production, reduce in the loss of nutrients (Tejada and
Gonzalez, 2004) and rapidly bringing a solution to the
problem of nutrient deficiency caused by soil fertilizer
application due to highly acidic or alkaline condition

© 2018 Natdanai Juntakad, Sittichai Lordkaew, Sansanee Jamjod and Chanakan Prom-u-thai. This open access article is

distributed under a Creative Commons Attribution (CC-BY) 3.0 license.



Natdanai Juntakad et al. / OnLine Journal of Biological Sciences 2018, 18 (3): 254.262

DOI: 10.3844/0jbsci.2018.254.262

(Xiang et al., 2009). Recently, foliar fertilizer
application was found to be suitable not only in the
case of micronutrients but also macronutrients as it has
been reported that foliar application of N, P and K after
the flowering stage improved 10% grain yield of rice
due to improvement in the grain-filling percentage and
the grain weight when compared with no foliar
fertilizer treatments (Cruz et al., 2012). In addition,
foliar application of N fertilizer in rice has been
reported to have resulted in 4% increase in the grain
yield, 5% increase in the grain starch concentration and
22% increase in the grain protein concentration as it
improved the photosynthesis rate (Tejada and
Gonzalez, 2004). Thus, foliar fertilizer application may
not be able to completely replace soil fertilization, but
it is a way to promote the efficiency of nutrient
absorption into plant cells, which would certainly have
an effect on grain yield and quality in rice crops.
However, most reports have been focusing only on
foliar fertilizer application in the wetland rice crops
grown under waterlogged conditions, while there are no
reports available on the responses of grain yield and
quality to foliar fertilizer application as compared
between wetland and upland rice varieties which are
originally different in their ecotype systems. Upland
rice is grown in the aerobic conditions with naturally
well drained soils and low availability of nutrients,
while wetland rice is grown in flooded conditions
where oxygen (O,) becomes the limiting factor for root
functions such as uptake of ions (Yoshida, 1981;
Marschner, 2012). In this study, the KH CMU and
CNT1 were selected as representatives of upland and
wetland rice varieties, respectively. The responses of
grain yield and nutrient accumulation between these
different rice ecotype varieties to water conditions and
fertilizer managements were expected differently. The
results of this study would be useful for proper
management of fertilizers in rice fields to increase
productivity, improve grain quality and reduce
nutrient deficiency in upland and wetland rice
varieties grown in different conditions.

Materials and methods

The pot experiment was conducted during the wet
season (June-December) in 2017 at Chiang Mai
University, Thailand, during the period from July 2016
to September 2017. The experiment was arranged in
factorial combination based on a randomized complete
block design with three independent replications.

Plant culture

Two rice varieties (CNTI1, wetland rice and KH
CMU, upland rice) were used in this study. The rice
plants were grown in two different water conditions
(flooded and aerobic) and four fertilizer managements
(Table 1). Seeds of both the varieties were germinated
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in plastic glasses for 7 days. The seedlings were then
transplanted into a cement pot with 0.8 m in diameter
and 0.4 m in height, with approximately 0.50 m? of
pot surface area. A single seedling was planted with
0.2x0.2 m spacing between hills. In the waterlogged
condition, water was maintained about 10 ¢cm above
soil surface throughout the experiment, while in the
aerobic conditions was manually provided water at
about field capacity twice daily. The fertilizers
nitrogen (urea), phosphorus (sodium dihydrogen
orthophosphate) and potassium (potassium chloride)
were applied directly into the soil in all the treatments
at three stages (tillering, booting and flowering), while
foliar fertilization of N, P and K in similar form as
above was carried out in four stages (tillering, booting,
heading and flowering). The details of fertilizer
application are given in a (Table 1). The solution was
prepared by dissolving powders of the fertilizer in
Triple Distilled Deionized (TDI) water. The prepared
solution was poured into a sprayer. The foliar
application was carried out by evenly spraying the
solution until all of the plants were wet and the solution
just began to drip from the leaves, in the morning
around 10 o’clock. The rates of application were 280,
640 and 220 ml m™ for N, P and K, respectively. The
soil used in this study was sandy loam, having pH 5.8,
1.38% organic matter, 0.07% total nitrogen, 35.06 mg
kg' available phosphorous and 39.87 mg kg’
exchangeable potassium.

Sample Collection and Preparation

The samples were harvested at maturity. Thereafter,
the grain yield, straw yield and yield components were
evaluated. The subsample of 50 g unhusked rice grains
was dehusked manually to avoid micronutrient
contamination to yield brown rice before it was
subjected to oven drying at 70°C for 72 h.

Nutrient Analysis

Samples of brown rice grains were analyzed for N
concentration by Kjeldahl method (Bremner and
Mulvaney, 1982). P concentration by vanado-molybdate
method (Watanabe ef al., 1998) and K, Fe and Zn
concentrations by using an atomic absorption
spectrophotometer (A A) (Delhaiz et al., 1984) after the
dry ashing procedure.

Statistical Analysis

Analysis of significant difference was conducted by
analysis of variance (ANOVA), the different means of the
data at p<0.05 were compared by the Least Significant
Difference (LSD). The correlation coefficients was
examined by Pearson’s correlation analysis.
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Table 1: Description of growing condition with different water conditions and fertilizer managements in two rice varieties

Water condition Fertilizer management Symbol
Flooded Local treatment Control
Nitrogen, phosphorus and potassium fertilizers were directly
applied into soil at 6.8, 15.8 and 5.2 g pot”', respectively.
Local treatment + Foliar 0.5% nitrogen Foliar N
Local treatment + Foliar 0.5% phosphorus Foliar P
Local treatment + Foliar 0.5% potassium Foliar K
Aerobic Local treatment Control
Nitrogen, phosphorus and potassium fertilizers were directly
applied into soil at 6.8, 15.8 and 5.2 g pot ™', respectively.
Local treatment + Foliar 0.5% nitrogen Foliar N
Local treatment + Foliar 0.5% phosphorus Foliar P
Local treatment + Foliar 0.5% potassium Foliar K
Results (p<0.05) (Fig. 2A, B). The concentration of Fe in KH

Grain Yield and Straw Dry Weight

There was a significant interaction effect between
rice variety and water condition on grain yield and straw
dry weight (p<0.05) (Table 2). The variety CNT1 had an
average grain yield at 19.5 g plant” without the effect
from water condition. The similar grain yield was found
in KH CMU grown in the aerobic condition, but about
32% grain yield was decreased when grown in the
flooded condition. The straw dry weight of CNT1 was
dominantly higher than in KH CMU which was slightly
decreased from the aerobic to flooded condition in
CNT1, while almost half was decreased in KH CMU.
However, no effect of fertilizer management was
observed on both grain yield and straw dry weight.

Grain Nutrient Accumulation

The grain N, P and K concentrations were affected
differently by rice variety, water condition and fertilizer
management. The interaction effect between rice variety
and fertilizer management and between water condition
and fertilizer management was found on grain N
concentration (p<0.05) (Fig. 1 A, B). In KH CMU, foliar
N did not effect on grain N, but it improved 13% of
grain N concentration from the control treatment in
CNTI1. On the other hand, foliar N in the aerobic
condition was found to have 12% higher grain N than the
control treatment, while the effect was not found in the
flooded condition. The variety KH CMU was found to
have higher both grain P and K concentrations than in
CNTI1 (Fig. 1C, D). In KH CMU, both treatments of
with and without foliar P in the flooded condition had
grain P concentrations higher than those in the aerobic
condition, while water condition and fertilizer
management had no effect on grain P in CNT1 (Fig. 1C).

Foliar N treatment was carried out to analyze grain
Fe and Zn concentration in comparison with the control
treatment. Grain Fe was significantly affected by the
interaction between variety and fertilizer management
and between water condition and fertilizer management
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CMU was higher than in CNT1 and it was not affected
by foliar N, while foliar N increased 14% of grain Fe
from the control treatment in CNT1. On the other hand,
foliar N in the aerobic condition resulted in the highest
grain Fe, while the lowest was found when foliar N in
the flooded condition. The concentration of Zn had
affected by the interaction between the three factors. In
KH CMU, grain Zn was not affected by water condition
and fertilizer management, but foliar N in the aerobic
condition had about 20% grain Zn higher than the other
treatments 164 in CNT1 (Fig. 2B).

Grain N content was significantly affected by rice
variety and fertilizer management, while rice variety
dominantly affected on grain content of P and K
(p<0.05) (Table 3). CNT1 had about 21% higher grain N
content than in KH CMU, while around the similar
percentage of grain N content was increased from the
flooded to aerobic condition. CNT1 had about 19% grain
P content higher than KH CMU, but the opposite result
was observed in grain K content. Grain Fe content had
significantly affected by both water condition and
fertilizer management, while grain Zn content had
affected by fertilizer management (p<0.05) (Table 4).
The higher grain Fe content was found when rice was
grown in the aerobic condition compared with flooded
condition and foliar N had higher grain Fe and Zn
content than the control treatment.

Correlation Between Grain Yield and Nutrient
Concentration

The correlation analysis between the grain yield and
the grain nutrient concentration was different between
the two rice varieties (Table 5). In KH CMU, the grain
yield was significantly negative correlated with the grain
N concentration (r = -0.62, p<0.05), P concentration (r =
- 0.88, p<0.05) and Zn concentration (r = -0.77, p<0.05)
and positively correlated with the grain Fe concentration
(r = 0.93, p<0.05). In CNTI, the positive correlation
between grain yield and grain P concentration was also
found (r = 0.72, p<0.05).
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Table 2: Grain yield and straw dry weight of two rice varieties grown under different water conditions and fertilizer managements

Variety Water condition Grain yield (g plant™) Straw dry weight (g plant ")
CNT1 Flooded 194 a 306 b
Aerobic 19.7 a 345a
KH CMU Flooded 11.8b 12.8d
Aerobic 174 a 212¢
F-test
Variety (V) ** **
Water condition (W) ** **
Fertilizer management (F) ns ns
VxW * *
VxF ns ns
WxF ns ns
VxWxF ns ns

Note: “*” and “**” denote “significant difference at p<0.05 and p<0.01, respectively,” and “ns” indicates “no significant difference.”
Different lowercase letter indicate significant difference within each column at p<0.05

Table 3: Grain N, P and K content in brown rice of two varieties grown under different water and fertilizer managements

N P K

Variety Water condition (mg plant™) (mg plant™) (mg plant™")
CNT1 3449 A 80.5 A 424B
KH CMU 271.7B 65.1B 540 A

Flooded 271.5b

Aerobic 345.1a
F-test
Varieties (V) ** * *
Water condition (W) ns ns ns
Fertilizer management (F) * ns ns
VxW ns ns ns
VxF ns ns ns
WxF ns ns ns
VxWxF ns ns ns

Note: “*” and “**” denote “significant difference at p<0.05 and p<0.01, respectively,” and “ns” indicates “no significant difference.”
Different lowercase letter indicate significant difference within each column at p<0.05

Table 4: Grain Fe and Zn content in brown rice of two varieties grown under different water and fertilizer managements

Fe /n
Water condition Fertilizer management (mg plant™") (mg plant™)
Flooded 0.35B -
Aerobic 0.48 A -
Control 0.37b 0.64 b
Foliar N 0.46 a 0.78 a
F-test
(p<0.05)
Varieties (V) ns ns
Water condition (W) ** ns
Fertilizer management (F) * *
VxW ns ns
VxF ns ns
WxF ns ns
VxWxF ns ns

Note: “*” and “**” denote “significant difference at p<0.05 and p<0.01, respectively,” and “ns” indicates “no significant difference.”

Table 5: Correlation analysis of grain yield (g pot ') and concentration of N, P, K, Fe and Zn in grains of two rice varieties grown
under different water and fertilizer managements

Variety N (%) P (%) K (%) Fe (mgkg™") Zn (mgkg™")
CNT1 0.39ns 0.72%* —0.04ns —0.34ns =0.31ns
KH CMU —0.62* —0.88** -0.19ns 0.93%* —0.77%*

Note: “*” and “**” denote “significant difference at p<0.05 and p<0.01, respectively,” and “ns” indicates “no significant difference.”
Different lowercase letter indicate significant difference within each column at p<0.05.
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Discussion

Rice varieties are commonly characterized into
upland and wetland types by their original ecosystem.
The upland rice variety is grown in aerobic conditions,
naturally well drained soils and low availability of
several nutrients such as N, P, K, Fe and Zn is observed
while, the wetland rice variety is grown in flooded
conditions where oxygen (O,) becomes the limiting
factor for root functions such as uptake of ions
(Marschner, 2012; Yoshida, 1981). This study has shown
that grain yield and straw dry weight are independent of
the fertilizer management, but dependent on the
interaction effect between variety and water condition.
The traditional upland rice variety (KH CMU) had 32%
and 39% grain yield and straw dry weight in the aerobic
condition higher than in the flooded condition,
respectively, but the effect was not showed in the
modern improved rice variety (CNT1). This evident
confirmed that the rice varieties could adapt well to their
growing condition to fulfill the nutrient requirement for
their development and yield production, especially the
modern improved variety as CNT1. The upland rice
variety is usually grown under naturally drained soils
with water supply through rainfall resulted in less well
adapt for its productivity in the flooded condition may
probably due to several reasons such as the adaptive of
root zone condition and deep root system (Fageria,
2001). However, the ability for the uptake, translocation
and accumulation of nutrients between rice varieties may
probably depend on water and fertilizer management.
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Nitrogen is a critical component in plants in the form
of proteins, Adenosine Triphosphate (ATP), nucleic
acids, amino acids and several plant hormones and it is
also a component of chlorophyll as the pigment in the
photosynthesis process (Takehisa et al, 2013).
Therefore, N deficiency has been reported to
substantially affect grain yield in rice (Yoshida, 1981;
Nursu’aidah et al., 2014). This study found that foliar N
improved the grain N concentration in CNT1, but not
KH CMU and the effect could be observed in the aerobic
condition, but not in the flooded. This finding is
supported by a previous report that total N uptake in rice
crops grown in the aerobic soil could be enhanced by the
provision of ammonium (NH;) and nitrate (NO*) of the
N fertilizer simultaneously which consequently had an
effect on the grain N concentration (Trung and Koji,
1982; Qian et al., 2004). Thus, foliar N could effectively
improve grain N, especially when soil N is in limited
supply such as in the aerobic growing condition which is
a common practice in upland rice growing.

In contrast, the concentration of grain P in KH CMU
was higher when rice was grown in the flooded
condition compared with the aerobic, but neither the
water condition nor the fertilizer management was found
to have an effect on grain P concentration in CNT1. On
the other hand, grain K almost doubled in KH CMU in
comparison to CNT1 without any effect from either
water or fertilizer managements. This reveals the
contrasting behavior between the two rice varieties in
accordance with the difference in their original ecotype.
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Phosphorus is an important component of DNA and
RNA (Brown and Weselby, 2010) help to accelerate
growth, spreading of roots and control of flowering and
fruiting to create seeds (Rowley et al., 2012). The benefit
of grain P in decreasing grain chalkiness and improving
head milled rice, gel consistency and protein content has
been reported (Hao er al., 2009; Zhang et al., 2012).
Potassium helps in the synthesis of starch, sugar and
protein and it promotes the movement of sugar from the
leaves to the fruit (Pettigrew, 2008). Accumulation of
potassium in the grain helps to increase aroma,
whiteness and glossiness (Rohilla er al., 2000);
accumulation of potassium also reduces the rate of
chalky grains and increases the milling quality, amylose
content and protein content (Bridgemohan and
Bridgemohan, 2014; Thao et al., 2015). The results of
this study indicate that upland rice adapted well to the
flooded condition, which is not a common condition for
its growing, but accumulated high grain P, while higher
grain K was found in upland rice independent of both
water management and fertilizer management. As
reported, rice roots are well modified to suit their
morphological characteristics in the aerobic condition by
the forming of stronger and longer root length to
facilitate the uptake of water and nutrients, which is
especially found in upland rice varieties (Colmer, 2003;
Thang, 2006). Thus, this could be the reason for the
better grain P and K accumulation in the KH CMU
variety. However, the positive correlation between grain
yield and grain P accumulation in CNT1 and grain yield
and Fe concentration in KH CMU indicating that higher
grain P and Fe accumulation enhancing grain productivity
in CNT1 and KH CMU, respectively. On the other hand,
higher grain N, P and Zn accumulation may result from
the dilution effect from the lower grain yield in KH CMU
as it was indicated by the negative correlation between
grain yield and grain N, P and Zn concentration.

Along with being the key factor having an effect on
grain yield and biochemical processes in plants, N is also
found to affect the accumulation of other nutrients in plants
such as Fe and Zn (Nantachan et al., 2016; Hao et al.,
2007). This experiment found that foliar N increased
grain Fe and Zn concentrations when compared with no
foliar N, especially in CNT1 grown under the aerobic
condition, but that there was no effect in the flooded
condition. The same was observed in previous studies
that applying soil N fertilizer at 62.5 and 125 kg ha™
increased the grain Zn concentration by 11-42% among
the rice varieties in northern Thailand (Nantachan ez al.,
2016). On the other hand, applying N at 62.5 kg ha™
increased the Fe accumulation in the leaf, husk and
brown rice by 85.5%, 30.9% and 28.9%, respectively
and increased the grain Zn in brown rice from 16 to 20%
when compared with no nitrogen application (Hao et al.,
2007). In the aerobic condition, Fe availability is higher,
in the range of acidic and neutral range soil pH, but
alkali soil has the serious problem of Fe deficiency. In
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addition, Fe and Zn uptake has been reported to be
especially affected by redox-pH interaction and it has
been observed that the uptake of the two elements
decreased markedly as the pH was increased
(Marschner, 2012). Foliar fertilizer application was
carried out by spraying the fertilizer directly onto the
leaf as it allows absorption to occur rapidly into the
inner cell layers of the leaf and other reproductive
organs (Ahmad and Jabeen, 2005; Ganapathy et al.,
2008). It seems that the impact of foliar N fertilizer
application on grain Fe and Zn can vary between the
two selected varieties with variation in the ability of
leaf absorption and seed deposition of foliar applied Zn,
which has been demonstrated in a previous study
(Phattarakul et al., 2012).

Conclusion

The difference in responses between the two rice
varieties representing their original ecotypes of upland
and wetland is the key factor with respect to proper
management of water and fertilizers in order to
maximize grain yield and nutrition. Grain yield of
wetland rice was independent from both the water and
fertilizer managements, while it was reduced from the
aerobic to flooded condition in upland rice. However,
higher grain nutrient accumulation in rice could impact
both seedling quality and intake of nutrition in rice
consumers, which are affected by both variety as well as
water and fertilizer managements. In the aerobic
conditions, it may be required to make foliar N
application a common practice while growing upland
rice in order to improve the grain N concentration, but
the same is not the case in the flooded conditions. At the
same time, growing the upland rice variety in the flooded
condition could result in higher grain P than growing it
in the aerobic condition, but the same was not the
response in wetland rice. Grain K was predominantly
higher in upland rice than in wetland rice. Improving Fe
and Zn accumulation in rice grains could be managed in
wetland rice by foliar N application in aerobic growing
conditions, but upland rice does not response the same.
This knowledge is useful for proper management of
water and fertilizers for improving grain yield and
nutrient accumulation. However, in the future studies,
increasing the number of rice varieties in each ecotype is
needed to confirm the responses to water and fertilizer
management in upland and wetland rice ecotypes.
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Abstract

The zinc (Zn) - rich tailing from Zn mines often causes cadmium (Cd) poisoning in people living downstream. This study
evaluated the effect of soil Cd contamination on grain yield and accumulation of Cd and Zn in different plant parts among
three rice genotypes. The experiment was conducted to study the interaction effect of the three rice varieties namely KH
CMU, KDML 105 and Sang Yod and the soil mixtures with different level of Zn tailings mine from Mae Sot District, Tak
Province, Thailand, which designated Mg, M1, My, and M. Increasing doses of the tailings increased the brown rice Cd and
Zn in all three genotypes, while increasing the grain yield in Sang Yod, depressing it in KDML105 and having only a mild
effect in KH CMU. The genotype KDML105 had the highest concentration of Cd and Zn in its brown rice. Higher application
rate of the mine tailings increased both grain and straw yield in Sang Yod, while increased straw yield but decreased grain
yield in KDML105, and decreased grain yield at the highest rate of tailings in KH CMU. Different response of rice genotypes
to soil Cd with respect to yield and Cd accumulation in rice grain should be exploited by rice breeders to tailor more efficient

rice genotypes for the areas of soil Cd contamination. © 2019 Friends Science Publishers

Keywords: Rice; Zinc mining industry; Ore tailings; Cadmium contamination; Grain zinc concentration

Introduction

Rice (Oryza sativa L.) grown on land down-stream from Zn
mines has been reported to accumulate large amounts of Cd
from water-soluble Cd contained in the mine waste; which
leads to serious Cd toxicity in people who depend on this
rice as their staple (Simmons et al., 2005). Cadmium
toxicity in people has focused attention on Cd
contamination in rice soils and its accumulation in the grain.
In Toyama prefecture of Japan, 1,500 ha of rice fields were
declared contaminated with Cd from the stream and
irrigation water (Yanagisawa, 1984). Records of excessive
levels of Cd in the rice soils and grain in villages
downstream from a Zn mine in Thailand (Simmons et al.,
2003, 2005) were followed by reports of prevalence of renal
problems associated with Cd toxicity (Limpatanachote et
al., 2009). The older leaves of rice accumulated higher Cd
than the younger, but the effect of Cd accumulation in plant
parts was depended on absorption and translocation among
different genotypes (McKenna et al.,1993; Das et al., 1997).
On the other hand, Zn is rich in the Zn mine tailing which
could lead to the phytotoxicity when plants accumulate in

excess of 300-1,000 mg Zn kg™ dry weight in their leaves
(Chaney, 1993). The association between Cd and Zn
accumulation in plant tissues was found that the Cd/Zn
ratio of 1:100 in the contaminated soil showed a natural
limit to Cd uptake due to Zn phytotoxicity (Chaney, 2015).

In addition, rice genotypes have also been reported to
differ widely in their grain Cd (Sriprachote et al., 2012a)
and Zn (Saenchai et al., 2012) concentration. The rice
genotypes used in this experiment were Kam Hom CMU
(KH CMU), Khao Dawk Mali 105 (KDML105) and
Sang Yod Phattalung (Sang Yod). The KDML105 (12-
17% amylose) is one of Thailand’s non-glutinous mega-
varieties that produces high quality and priced Thai
jasmine rice, KH CMU (2-5% amylose), is a purple
glutinous upland rice variety from the highlands and
Sang Yod (16-18% amylose), is a special quality non-
glutinous variety. Some variation in the concentration of
Cd has been noted in Song Yod and KDML 105 which
reported its accumulation only a fraction of the grain Cd
as similar as in KDML105 (Sriprachote et al., 2012b), while
no information has been made for KH CMU in both Cd and
Zn accumulation in the contamination soil.

To cite this paper: Khampuang, K., P. Sooksamiti, S. Lapanantnoppakhun, Y. Yodthongdee, B. Rerkasem and C. Prom-u-thai, 2019. Effects of soil cadmium
contamination on grain yield and cadmium accumulation in different plant parts of three rice genotypes. Intl. J. Agric. Biol., 21: 1205-1211
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This study was designed to evaluate the effect of Zn
mine tailing on yield and accumulation of Cd and Zn in
different plant parts including grain of 3 selected traditional
rice genotypes with different morpho-physiological traits
and exceptional grain quality e.g., amylose content, aroma
flavor and gelatinization temperature, originated from
different regions of Thailand.

Materials and Methods
Experiment Design and Soil Preparation

The experiment was conducted in pots during the rainy
season (June—September) of 2014 at the Faculty of
Agriculture, Chiang Mai University. The average
temperature during cropping season was 26.3°C with 75.0%
relative humidity (NMC, 2015). The treatments were
factorial combinations of 3 rice genotypes and 4 rates of
mine tailings, with three independent replications arranged
in a completely randomized design. The soil used in the
experiment was Sansai series with sandy loam texture, pH
6.35, with background concentration of 0.1 mg Cd kg™ and
2.2mg Zn kg™. The soil was sun dried for 3 days before
grinding and sieved to make the uniform particles of < 0.2
mm. The ore tailings were derived from a Zn mine in Mae
Sot District, Tak Province, Thailand. The DTPA extractable
analysis indicating that the ore tailing containing of 487 + 6
mg Zn kg™, 199 + 2 mg Cd kg, 18.5 + 1.5 mg Pb kg™,
1.63 +0.02 mg Cu kg™, 1.1 + 0.03 mg Fe kg™ and 2.7 +
0.03mg Mnkg™

The pots were 28 cm in diameter and 30 cm deep,
each containing 10 kg of soil mixture with the ore tailings
powder at the rate of 0, 2.5, 50 and 100 g kg™ soil to achieve
the variation of Cd concentration at 0, 5, 100 and 200 mg
Cd pot™. The soil mixture was incubated for 2 weeks before
planting and analysis for DTPA-extractable Cd and Zn with
Atomic Absorption Spectrophotometer (Perkin Elmer 3110,
Germany) following the dry-ashing with the method of
Lindsey and Norvell (1978). The treatments, designated
soil mixture with Cd and Zn containing at 0.1 mg Cd kg
! soil and 2.2 mg Zn kg soil (M), 1.3 mg Cd kg™ soil
and 17.0 mg Zn kg™ soil (M;), 21.1 mg Cd kg™ soil and
279 mg Zn kg™ soil (M) and 37.5 mg Cd kgsoil and 436
mg Zn kg™ soil (M) (Table 1).

Rice Genotypes and Sample Collection

Three improved rice genotypes used in this experiment were
Kam Hom CMU (KH CMU), Khao Dawk Mali 105
(KDML105) and Sang Yod Phattalung (Sang Yod) which
had the initial seed Cd and Zn concentration in brown rice at
0, 0.1 and 0.1 mg Cd kg™ dry weight and 40.0, 38.0 and
33.0 mg Zn kg™ dry weight, respectively. The rice seed was
soaked in distilled water for 48 h at room temperature (25—
30°C). Two week old seedlings were transplanted into the
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prepared pots, at 5 plants per pot. The pots were maintained
in flooded condition with 3-5 cm of water above the soil
surface during growing period of 90-140 days
(depending on genotypes) until maturity. Fertilizer
applied was 15-15-15 (N-P,05-K,0) at 0.9 g per pot,
split into 4 equal applications at 7 days after
transplanting, tillering, booting and flowering stages.

Plant development was recorded in days from planting
to flowering and days from flowering to maturity (Table 2).
At maturity, all plants were manually harvested, and
separated into roots, stems, flag leaf, remaining leaf blades,
and grain. All samples were carefully washed with filtered
water then deionized water to avoid contamination. The
grain was sun-dried for 2-3 days to reach at 14% moisture
content before separating into brown rice and husk. All

samples were oven-dried at 75°C for 72 h and ground for
chemical analysis.

Chemical Analysis

The grain samples were analyzed for amylose content by
iodine reaction method (Juliano, 1971). The analysis of Cd,
Zn, Pb, Cu, Fe and Mn in the Zn mine tailing and Cd and Zn
concentration in different plant parts was conducted by
Atomic Absorption Spectrophotometer (Perkin Elmer 3110,
Germany) following dry-ashing of test solutions with
method of Neggers and Lane (1995). Feeding stuffs
(PTCH-FAO2-1401 Ca, Cu, Fe, Mg, Mn, K, Na, Zn and P)
were used as certified reference material in each batch
during all analyses.

Data Analysis

Data of Cd and Zn concentration and content in different
plant parts were transformed to log,, and tested for
uniformity and homoscedasticity before analysis. Statistical
analysis of all the data was performed by using the Statistic
9 (analytical software SX). Analysis of variance (ANOVA)
was used to detect difference among treatments and least
significant difference (LSD) at P < 0.05 was used to
compare means.

Results
Plant Growth, Yield and Yield Components

The soil treatments at the higher rates of ore tailings, at My
and My, delayed development from flowering to maturity
in Sang Yod by 6 days, but no effect on its development
time from planting to flowering in KDML105 and KH
CMU for their entire growing period (Table 2).

Grain and straw dry weight were affected by the soil
treatments differently among the rice genotypes (Fig. 1).
Increasing rate of ore tailings depressed grain yield in
KDML105, but increasing in Sang Yod, while having only
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Table 1: The DTPA-extractable Cd and Zn in the soil samples
after applying the ore tailings in the mixture of Mgy, My, My, and
Mo and incubated for two weeks

Concentration (mg kg™)

Treatments ca Zn

Mo 0.1+£0.0 22+01
M; 1.3+£0.0 17.0+0.1
Mz 21.1+07 279.0+33
Myo 375+12 436.0+45

The values are mean = SD (n=23)

Table 2: Effect of soil Zn tailing on days taken from planting to
flowering and days taken from flowering to maturity of three rice

genotypes

Genotypes Treatments DPF (Day) DFM (Day)
KH CMU Mo 66 27
M, 66 27
Mz 66 27
My 66 27
KDML105 Mo 80 33
M; 80 33
Mz 80 34
Mao 80 34
Sang Yod Mo 105 28
M, 105 28
Mz 105 34
Mo 105 34

Here DPF =days from planting to flowering; DFM =days from flowering to maturity;
Mo = 0.1 mg Cd and 2.2 mg Zn kg™ soil; M; = 1.3 mg Cd and 17.0 mg Zn kg soil;
My = 21.1 mg Cd and 279 mg Zn kg™ soil; My = 37.5 mg Cd and 436 mg Zn kg™ soil

minor effect in KH CMU. Straw dry weight in both
KDML105 and Sang Yod both increased with increasing
rate of ore tailings, but not affected in KH CMU.

Increasing rate of ore tailings depressed the number of
spikelet panicle™ and grain filling percentage in KDML105
but only the slight effects on these was found in yield
components in the other two genotypes (Fig. 2). The
number of tillers plant™, panicles plant® and 1,000 grain
weight were different among the rice genotypes, while
showing little effect of the soil treatments, except that
tillering was generally promoted by the addition of the ore
tailings.

Plant Cd and Zn Content and Partitioning in Straw,
Brown Rice and Husk

Al three rice genotypes had higher Cd and Zn contents with
increasing doses of tailings, but with different rates of
increasing (Table 3). KH CMU accumulated the least
amount of both elements at all levels of tailings, followed by
KDML105 and Sang Yod. Most of the Cd and Zn in the
plant were in the straw, while most contents of Cd and Zn
was allocated to the husk only a fraction to brown rice.

Cd and Zn Concentration in Brown Rice and Other
Plant Parts

Increasing doses of the ore tailings increased Cd and Zn
concentration in brown rice and other plant parts, but with
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Fig. 1: Effect of soil Zn tailing on grain yield and straw dry weight
of three rice genotypes. M = 0.1 mg Cd and 2.2 mg Zn kg™ soil;
M, = 1.3 mg Cd and 17.0 mg Zn kg™ soil; My = 21.1 mg Cd and
279 mg Zn kg™ soil; M4, = 37.5 mg Cd and 436 mg Zn kg™ soil.
Different letters indicate significant differences at P < 0.05 (n = 3)

different extents in different genotypes and the plant parts
(Table 4). In general, both Cd and Zn were much more
concentrated in the stem and leaves than in brown rice and
husk. Adding the ore tailings had smallest effect on Cd and
Zn in brown rice, which rose from almost undetectable Cd
and approximately 40 mg Zn kg™ in Mgto 10-15 mg Cd kg™
and 50-70 mg Zn kg* in My, compared with up to
hundred-folds increases in Cd and up to 30-folds increases
in Zn in the stem and leaves. A notable exception was the
Cd concentration in the stem of KDML105 that remained
relatively low even with the highest rate of tailings. Among
the rice genotypes, the brown rice Cd was increased the
most by the ore tailings in KDML105, followed by Song
Yod and the least in KH CMU. Brown rice Zn of Sang Yod,
which was the lowest among the genotypes in My, was also
increased the least with increasing rates of tailings. The
genotype KDML105 on the other hand had the highest Zn
concentration in its brown rice with the higher rates of
tailings. The husk Cd concentration was affected by
addition of ore tailings in the same direction as the brown
rice Cd, but largely to a less extent. The husk Zn
concentration relative to brown rice Zn, however, was
different among the genotypes at higher doses of tailings,
being about the same in Sang Yod, significantly higher in
the husk in KDML105 but higher in brown rice in KH
CMU. Differential effects of the ore tailings on Cd and Zn
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Table 3: Effect of soil Zn tailing on Cd and Zn content and allocation to the straw, brown rice and husk of three rice genotypes

Cd content Zn content
Genotypes Tailing treatments mg pot®  Percentage in mg pot™ Percentage in
Straw Brownrice  Husk Straw Brown rice Husk

KHCMU Mo 0.02 %2 0 48 28 52.0 1.8 46.2
M, 0.23 870 04 126 64 76.8 1.2 219
Mz 1.43 870 08 123 291 93.3 0.4 6.3
Mao 1.67 892 1.0 98 292 95.4 0.3 43

KDML105 Mo 0.04 85.7 29 114 58 735 21 24.4
M, 0.53 788 24 188 179 89.4 2.3 8.3
Mz 333 915 11 74 843 97.8 0.7 15
My 5.02 979 05 16 1095 99.5 0.2 0.3

Sang Yod Mo 0.03 909 3.0 61 90 82.2 0.8 17
M, 0.69 882 03 116 273 92.8 0.3 6.9
Mz 4.89 89.3 09 98 1436 97.9 04 16
My 7.86 911 13 76 1844 98.1 04 15

F-test (p < 0.05) LSD (005 F-test (p < 0.05) LSD (05

Variety (V) ok 1.02 Variety (V) ok 1.05

Treatment (T) *x 1.02 Treatment (T)  ** 1.05

Plant part (P) *E 1.02 Plant part (P)  ** 1.05

VxT ok 1.05 VxT ok 1.10

VxP ok 1.05 V xP ok 1.10

TxP ok 1.05 TxP ok 1.10

VxTxP ok 1.10 VxTxP ok 1.17

Data were log transformed before subjected to analysis of variance, ** = significant at P < 0.01
M, =0.1 mg Cd and 2.2 mg Zn kg™ soil; M; = 1.3 mg Cd and 17.0 mg Zn kg™ soil; M = 21.1 mg Cd and 279 mg Zn kg™ soil; My = 37.5 mg Cd and 436 mg Zn kg™ soil

Table 4: Effect of soil Zn tailing on Cd and Zn concentration in different plant parts; stem, leaf sheath, leaf blade, flag leaf, husk and

brown rice among three rice genotypes

Cd concentration (mg kg™)

Zn concentration (mg kg?)

Genotypes  Tailings treatments Stem Leaf sheath Leaf blade Flag leaf Brown rice Husk Stem Leaf sheath Leaf blade Flag leaf Brown rice Husk

KHCMU Mo 06 02 0.7 0.3 0 0 7B 28 26 21 43 8
M 46 6.0 57 7.0 11 02 264 118 72 42 55 15
Mz 22.0 188 40.1 473 5.6 18 589 448 783 637 59 17
Mo 29.4 30 459 53.8 8.1 35 676 827 472 470 63 19

KDML105 Mo 06 03 04 0.6 0.1 01 148 43 28 25 39 14
M, 85 6.8 39 5.6 33 14 543 160 95 87 49 44
Mz 74 504 52.6 347 12.3 7.1 1305 970 716 483 63 113
Mao 71 654 70.1 54.7 14.6 16 1397 1018 872 622 69 133

Sang yod Mo 04 01 04 0.3 0.1 01 144 35 33 22 35 6
M, 101 4.7 1.0 0.6 1.6 02 491 138 34 29 38 8
Mz 296 358 19.4 12.6 9.1 39 1354 763 707 338 44 52
Mo 58.1 38.7 29.1 18.6 10.3 7.9 1763 984 463 212 49 55

F-test (p < 0.05) LSD(O'OE,) F-test (p <0.05) LSD((),()s)

Variety (V) ** 1.05 Variety (V)  ** 1.05

Treatment (T) ** 1.05 Treatment (T) ** 1.05

Plant part (P) ** 1.07 Plant part (P) ** 1.07

VXxT wE 1.10 VxT *x 1.10

V xP wE 112 V xP *x 112

TxP *k 1.15 TxP ** 1.15

VXTxP HE 1.26 VxTxP HE 1.26

Data were logy transformed before subjected to analysis of variance, ** = significant at P < 0.01
My =0.1 mg Cd and 2.2 mg Zn kg™ soil; M; = 1.3 mg Cd and 17.0 mg Zn kg™ soil; M = 21.1 mg Cd and 279 mg Zn kg™ soil; My = 37.5 mg Cd and 436 mg Zn kg™ soil

status of three rice genotypes were indicated by
concentration of the elements in the flag leaf, which were
indistinguishable among the genotypes in My and My, but
significantly lower in Sang Yod than KDML105 and KH
CMU in My, and My.

Correlation between Cd and Zn Concentration among
Different Plant Parts and Grain Yield

Positive correlation was found between Cd and Zn
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concentration in brown rice and other plant parts in all
genotypes (P< 0.01), except between Cd concentration in
brown rice and the stem of KDML105 (Table 5). On the
other hand, the correlation between grain yield and the
concentration of Zn and Cd was different among the
genotypes (Table 6). In KDML105, there was negative
correlation between grain yield and Zn and Cd
concentrations in all plant parts except between grain yield
and the stem Cd. In Sang Yod, grain yield was positively
correlated with Zn concentration in the stem, leaf sheath and
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Table 5: Correlation between Cd and Zn concentration in brown
rice and plant parts of three rice genotypes; stem, leaf sheath, leaf
blade and flag leaf

Plant parts Brown rice Cd concentration (mg kg™)
KHCMU KDML105 Sang Yod
Cd Stem 0.99** 0.56™ 0.93**
Leaf Sheath 0.99%* 0.99%* 0.98**
Leaf blade 0.95%* 0.97** 0.97**
Flag leaf 0.96** 0.95%* 0.96**
Brown rice Zn concentration (mg kg™)
Zn Stem 0.94%* 0.98** 0.97**
Leaf Sheath 0.83** 0.96** 0.94%*
Leaf blade 0.71%* 0.96%* 0.74**
Flag leaf 0.76** 0.97*+* 0.71%**

ns = not significant, ** = significant at P < 0.01

Table 6: Correlation between Cd and Zn concentration in different
plant parts and grain yield of three rice genotypes; stem, leaf
sheath, leaf blade and flag leaf

Plant parts Yield (g pot™)
KHCMU KDML105 Sang Yod
Cd Stem -0.42™ -0.42™ 0.58*
Leaf sheath -0.49™ -0.88%** 0.44™
Leaf blade -0.31™ -0.90%* 0.54™
Flag leaf -0.32™ -0.88%** 0.57™
Brown rice -0.44™ -0.88%** 0.55™
Yield (g pot™)
Zn  Stem -0.38™ -0.80%** 0.61*
Leaf sheath -0.49™ -0.83** 0.60*
Leaf blade 0.05™ -0.87%#* 0.43™
Flag leaf -0.03™ -0.86%* 0.42™
Brown rice -0.43"™ -0.89%* 0.64*

ns = not significant, * = significant at P < 0.05, ** = significant at P < 0.01

brown rice, but not in the leaf blade and flag leaf, while
positive correlation with grain yields was found only with
Cd concentration in the stem. No correlation was observed
between grain yield and Cd and Zn concentration in all plant
parts of KH CMU.

Discussion

This study has shown that all rice genotypes were affected
differently by soil contamination with tailings from Zn
mining on grain yield and the concentration of Cd and Zn in
the rice grain. Genotypic variation in the rice grain Cd
concentration previously reported (Sriprachote et al., 2012b),
has been confirmed here but with much smaller difference
between KDML105 and Sang Yod, suggesting a strong
interaction between genotype and environment effects on Cd
accumulation in the rice grain. This study has also shown
how rice genotypes may differ in Cd accumulation and
exclusion in their various tissues which may or may not be
associated with plant growth and yield. Increasing rates of
tailings also increased brown rice Zn concentration in all
three rice genotypes, but only to levels that are considered
nutritionally beneficial (e.g., see Saenchai et al., 2012), and
confirming previous reports of insensitivity of rice grain Zn
to the level of Zn present in the soil (Wissuwa et al., 2008;
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Fig. 2: Effect of soil Zn tailing on number of tiller plant™ (A, B),
panicle plant™ (C), 1,000 grains weight (D), spikelet panicle™ (E)
and percent filled grain (F) among three rice genotypes. My = 0.1
mg Cd and 2.2 mg Zn kg soil; M; = 1.3 mg Cd and 17.0 mg Zn
kg soil; My = 21.1 mg Cd and 279 mg Zn kg™ soil; My, = 37.5
mg Cd and 436 mg Zn kg soil. Different letters indicate
significant differences at P < 0.05

Phattarakul et al., 2012). Differential yield responses to the
tailings were illustrated by grain yield depression in the
genotype KDML105, mediated through the number of
spikelets/panicle and percentage of filled grain which
positively affected on grain and straw dry weight in Sang
Yod and relatively mild affected on KHCMU. Phytotoxic
effects from both Cd and Zn are well established (Chaney,
1993; Das et al., 1997), with a report of rice growth and yield
depression by high Cd from Bangladesh (Kibria et al., 2006).
Phytotoxic effects of Cd ranged from reduction of
chlorophyll levels, inhibition of photosynthesis (Kabata-
Pendias and Pendias, 2001; Liphadzi and Kirkham, 2006), to
interruption of respiration, cell division and cell elongation,
and inhibition of RNA transcription and activity of a
ribonuclease (Shah and Dubey, 1995; Toppi and Gabbrielli,
1999). Phytotoxicity of Zn was associated with depressed
vegetative growth, including inhibition of root elongation
(Wong and Bradshaw, 1982) and depression of
photosynthesis as the result of interference by Zn with the
uptake of iron and magnesium (Woolhouse, 1993; Sagardoy
et al., 2009). Thus, phytotoxicity from high concentration of
Cd and Zn in soil mixture inhibited biochemical and
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physiological mechanisms resulted in depression of grain
yield, especially in KDML105, while the yield increase in
the case of Sang Yod cannot not be explained which could
be about the higher requirement of Cd and/or Zn in Sang
Yod compared with the other varieties and/or the mechanism
of internal tolerance.

No critical concentration for Cd toxicity in plants is
available in the literature, in the case of Zn the range of
300-1,000 mg Zn kg™ dry weight in the leaves has been
suggested (Chaney, 1993). In the present study, a possibility
of genotypic variation in internal tolerance was suggested
by similar levels of flag leaf Cd that were inversely
associated with grain yield in KDML105 but showing no
significant relationship in KH CMU. The higher Zn
concentration in the stem of the genotype Sang Yod, on the
other hand, could be indicative of either its greater tolerance
or ability to keep excessive Zn in the stem and preventing it
to concentrate in the leaves and grain. In barley, the
genotype Tokak was reported as a Cd tolerant by its ability
of heavy metal entering the cells (Ha et al., 1999;
Tiryakioglu et al., 2006). It was reported that the presence
of Zn can lower Cd toxicity in wheat and maize by
minimizing membrane damage (Wu et al., 2003; Koleli et
al., 2004; Fahad et al., 2015) offers a possible explanation to
the apparent tolerance to very high Cd levels in the tissues
of rice genotypes like Sang Yod and KHCMU. In view of
widespread occurrence of potentially harmful levels of Cd
and Zn in agricultural soil polluted by manufacturing
industry as well as mining (Chaney, 1993) these also
deserves further investigation.

The toxic effect of either Cd or Zn or both on the
yield formation process in KDML 105 was indicated by
significant negative correlation between its grain yield and
Cd and Zn concentration in various tissues. In contrast, the
other two genotypes exhibited no such inverse relationship
between grain yield and tissue Cd and Zn. It remains to be
clarified whether the limiting element was Cd or Zn or
both. By its much lower Cd and Zn content, lower Cd
concentration in its leaf sheath and leaf blades, and lower
Zn concentration in the stem and leaves as well as its
brown rice, the genotype KHCMU was the most effective
in excluding these heavy metals. The sensitive KDML105,
with its significantly higher content of Cd and Zn, suffered
from excessive concentration of these elements and its dry
weight was greatly depressed at higher doses of tailings. In
contrast, the Cd and Zn concentration in the leaves of Sang
Yod was kept lower in spite of the much higher contents of
these elements, by dilution effect as its grain and straw dry
weight that were increased with increasing doses of
tailings.

This study has shown how rice genotypes may differ
in their ability to exclude Cd and Zn from the plant and
grain. KH CMU had the lowest plant Cd content and brown
rice Cd concentration. Sang Yod, on the other hand,
maintained lower brown rice Cd concentration than
KDML105 because of Cd in the panicle was allocated to the
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husk. The Cd and Zn concentration in brown rice in all
genotypes increased with increasing doses of the ore tailings
in concordance with the concentrations the leaves and stem,
except for Cd in the stem of KDML105 which remained
low regardless of the level of tailings. The higher Cd
concentration in brown rice in KDML105 than Sang Yod
found here is in agreement with a report of an evaluation of
grain Cd in 42 Thai rice cultivars in farmers’ fields
contaminated by the tailings from a Zn mine in Thailand
that found Sang Yod to be among the low Cd varieties and
KDML105 among the high Cd varieties (Sriprachote et al.,
2012b). The present study found even lower Cd in the grain
than Sang Yod in the genotype KHCMU. High Cd
concentration in the rice grain is a cause for concern, with
the maximum contamination limit for rice set at 0.4 mg kg™
(CAC, 2011). To understand the difference in homeostatic
mechanisms for Cd accumulation in brown rice among
genotypes and the genetic control, further studies should
focus on mechanisms controlling brown rice Cd
concentration through the partitioning into brown rice as in
Sang Yod as well as minimizing its uptake as in KH CMU,
in contrast to a mega-variety prone to accumulate more Cd
in the grain like KDML105.

Conclusion

Results disclosed that rice genotypes behaved differently to
the applied ore tailings from Zn mining, in both their grain
yield and nutritional quality. The genotype KH CMU could
be suggested for the further in depth physiological study on
the effectiveness of Cd exclusion from the grain and other
plant parts. However, further studies are needed to explore
the mechanisms behind the different uptake and translocation
of Cd to the different plant parts among rice genotypes.

Acknowledgements

This study received financial support from Thailand
Research Fund under the Royal Golden Jubilee Ph.D.
Program (Grant No. PHD/0025/2559) and Research Career
Development Grant (RSA6080024) and Functional Food
Research Center for Well-being, Chiang Mai University,
Thailand

References

Chaney, R.L., 2015. How does contamination of rice soils with Cd and Zn
cause high incidence of human Cd disease in subsistence rice
farmers. Curr. Pollut. Rep., 1: 13-22

Chaney, R.L., 1993. Zinc phytotoxicity. In: Zinc in soils and plants, pp:
135-150. Robson, A.D. (ed.). Kluwer Academic Publishers,
Dordrecht, The Netherlands

Codex Alimentarius Commission (CAC), 2011. Joint FAO/WHO food
standards programme codex committee on contaminations in foods,
fifth session. Available at:
http://www.fao.org/tempref/codex/Meetings/ICCCF/CCCF5/cf05_IN
F.pdf (Accessed: 5 March 2016)

Das, P., S. Samantaray and G.R. Rout, 1997. Studies on cadmium toxicity
in plants: A review. Environ. Pollut., 98: 29-36



Response of Rice Genotypes to Soil Cadmium / Intl. J. Agric. Biol., Vol. 21, No. 6, 2019

Fahad, S., S. Hussain, S. Saud, S. Hassan, D. Shan, Y. Chen, N. Deng, F.
Khan, C. Wu, W. Wu, F. Shah, B. Ullah, M. Yousaf, S. Ali and J.
Huang, 2015. Grain cadmium and zinc concentrations in maize
influenced by genotypic variations and zinc fertilization. Clean-Soil
Air Water, 43: 1433-1440

Ha, S.B., A.P. Smith, R. Howden, W.M. Dietrich, B. Bugg, M.J. O"Connell,
P.B. Goldsbrough and C.S. Cobbett, 1999. Phytochelatin synthase
genes from Arabidopsis and they east Schizosaccharomyces pombe.
Plant Cell, 11: 1153-1163

Juliano, B.O., 1971. A simplified assay for milled rice amylose. Cer. Sci.
Today, 16: 334-340

Kabata-Pendias, A. and H. Pendias, 2001. Trace Elements in Soils and
Plants, 3" edition, pp: 114-131. CRC Press LLC, New York, USA

Kibria, M.G., K.T. Osman and M.J. Ahmed, 2006. Cadmium and lead
uptake by rice (Oryza sativa L.) grown in three different textured
soils. Soil Environ., 25: 70-77

Koleli, N., S. Eker and I. Cakmak, 2004. Effect of zinc fertilization on
cadmium toxicity in durum and bread wheat grown in zinc-deficient
soil. Environ. Pollut., 131: 453459

Limpatanachote, P., W. Swaddiwudhipong, P. Mahasakpan and S.
Kirintratun, 2009. Cadmium exposed population in Mae Sot District,
Tak Province: 2. Prevalence of renal dysfunction in the adults. Med.
J. Med. Assoc. Thail., 92: 1345-1353

Lindsey, W.L. and W.A. Norvell, 1978. Development of a DTPA soil test
for zinc, iron, manganese, and copper. Soil Sci. Soc. Amer. J., 42:
421-428

Liphadzi, M.S. and M.B. Kirkham, 2006. Physiological effects of heavy
metals on plant growth and function. In: Plant-Environment
Interaction, pp: 243-270. Huang, B. (ed.). CRC, Taylor & Francis,
Boca Raton, Florida, USA

McKenna, I.LM., R.L. Chaney and F.M. Williams, 1993. The effects of
cadmium and zinc interactions on the accumulation and tissue
distribution of zinc and cadmium in lettuce and spinach. Environ.
Pollut., 79: 113-120

Neggers, Y.H. and R.H. Lane, 1995. Minerals, ch. 8. In: Analyzing Food for
Nutrition Labeling and Hazardous Contaminants, p: 185. Jeon, I.J.
and W.G. Ikins (Eds.). Marcel Dekker, New York, USA

Northern Meteorological Center (NMC), 2015. Climate in Chiang Mai.
Available at: http://mww.cmmet.tmd.go.th/index1.php (Accessed: 10
January 2015)

Phattarakul, N., B. Rerkasem, L.J. Li, L.H. Wu, C.Q. Zou, H. Ram, V.S.
Sohu, B.S. Kang, H. Surek, M. Kalayci, A. Yazici, F.S. Zhang and I.
Cakmak, 2012. Bio-fortification of rice grain with zinc through zinc
fertilization in different countries. Plant Soil, 361: 131-141

Saenchai, C., C. Prom-u-thai, S. Jamjod, B. Dell and B. Rerkasem, 2012.
Genotypic variation in milling depression of iron and zinc
concentration in rice grain. Plant Soil, 361: 271-278

1211

Sagardoy, R., F. Morales, A.F. Lépez-Millan, A. Abadia and J. Abadia,
2009. Effects of zinc toxicity on sugar beet (Beta vulgaris L.) plants
grown in hydroponics. Plant Biol., 11: 339-350

Shah, K. and R.S. Dubey, 1995. Effect of cadmium on RNA level as well as
activity and molecular forms of ribonuclease in growing rice
seedlings. Plant Physiol. Biochem., 33: 577-584

Simmons, R.W., P. Pongsakul, D. Saiyasitpanich and S. Klinphoklap, 2005.
Elevated levels of cadmium and zinc in paddy soils and elevated
levels of cadmium in rice grain downstream of a zinc mineralized
area in Thailand: Implications for public health. Environ. Geochem.
Health, 27: 501-511

Simmons, R.W., P. Pongsakul, R.L. Chaney, D. Saiyasitpanich, S.
Klinphoklap and W. Nobuntou, 2003. The relative exclusion of zinc
and iron from rice grain in relation to rice grain cadmium as
compared to soybean: Implications for human health. Plant Soil,
257:163-170

Sriprachote, A., P. Kanyawongha, K. Ochiai and T. Matoh, 2012a. Current
situation of cadmium-polluted paddy soil, rice and soybean in the
Mae Sot District, Tak Province, Thailand. J. Soil Sci. Plant Nutr., 58:
349-359

Sriprachote, A., P. Kanyawongha, G. Pantuwan, K. Ochiai and T. Matoh,
2012b. Evaluation of Thai rice cultivars with low-grain cadmium. J.
Soil Sci. Plant Nutr., 58: 568-572

Tiryakioglu, M., M. Eker, F. Ozkutlu, S. Husted and 1. Cakmak, 2006.
Antioxidant defense stem and cadmium uptake in barley genotypes
differing in cadmium tolerance. J. Trace. Elem. Med. Biol., 20:
181-189

Toppi, L.S.D. and R. Gabbrielli, 1999. Response to cadmium in higher
plants. Environ. Exp. Bot., 41: 105-130

Wissuwa, M., AM. Ismail and R.D. Graham, 2008. Rice grain zinc
concentrations as affected by genotype, native soil-zinc availability,
and zinc fertilization. Plant Soil, 306: 37-48

Wong, M.H. and A.D. Bradshaw, 1982. A comparison of the toxicity of
heavy metals, using root elongation of ryegrass (Lolium perenne).
New Phytol., 91: 255-261

Woolhouse, H.W., 1993. Toxicity and tolerance in the responses of plants to
metals. In: Encyclopedia of Plant Physiology New Series, pp:
245-300. Lange, O.L., P.S. Nobel and C.B. Osmond (Eds.).
Springer-Verlag, Berlin, New York, USA

Wu, F.B., G.P. Zhang and D. Peter, 2003. Four barley genotypes respond
differently to cadmium: lipid peroxidation and activities of
antioxidant capacity. Environ. Exp. Bot., 50: 6778

Yanagisawa, M., 1984. Heavy metal pollution and methods of restoration of
polluted soil in the Jinzu River basin. Bull. Toyam. Agric. Exp. Stn.,
15:1-110

(Received 24 September 2018; Accepted 28 December 2018)



Agr. Nat. Resour. 54 (2020) 74-78

AGRICULTURE AND
NATURAL RESOURCES

AGRICULTURE AND
NATURAL RESOURCES

>

Journal homepage: http:/anres kasetsart.org

Research article

Impact of soil salinity on grain yield and aromatic compound in Thai
Hom Mali rice cv. Khao Dawk Mali 105

Ayut Kongpun?, Phattana Jaisiri®, Benjavan Rerkasem®, Chanakan Prom-u-thai®*

@ Faculty of Agro-industrial Technology, Kalasin University, Kalasin 46000, Thailand.
b Plant Genetic Resources and Nutrition Laboratory, Chiang Mai University, Chiang Mai 50200, Thailand.
¢ Department of Plant and Soil Sciences, Faculty of Agriculture, Chiang Mai University, Chiang Mai 50200, Thailand.

Article Info Abstract

Article history:

Received 2 August 2018

Revised 20 November 2018
Accepted 26 November 2018
Available online 28 February 2020

The highest-priced aromatic Hom Mali rice is grown on saline soil in Northeast Thailand. The
rice variety Khao Dawk Mali 105 (KDML 105), the main variety grown to produce Hom Mali
rice was evaluated for yield, the aromatic compound 2-acetyl-1-pyrroline (2 AP) and softness
texture at different levels of sodium chloride (NaCl) salt added to the soil. The rice was grown in
wetland culture pots with soil made saline by adding 0 g NaCl/kg, 1.16 g NaCl/kg, 1.74 g NaCl/kg,
2.31 g NaCl/kg and 2.89 g NaCl/kg soil which had electrical conductivity (EC) values of 0.13 mS/cm,
0.62 mS/cm, 0.74 mS/cm, 0.95 mS/cm and 1.16 mS/cm, respectively. The addition of salt had
different effects on the rice grain yield, yield component and aromatic compound, but did not affect
the softness texture. Adding salt into the soil depressed the grain yield on average by 36.3% for all
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applications. The adverse effect of salt on the yield was correlated with the effect on the 1,000 grain

weight (correlation coefficient (r) = -0.94, p < 0.05). The lowest level of salt application at 1.16 g
NaCl /kg soil significantly raised the level of 2 AP, but not at the higher rates of salt application.
Soil salinity did not affect the quality of grain softness texture at any application rate. These results
suggested that while salinity may invariably depress the rice yield, at a certain level it may improve
the grain quality by increasing the concentration of the main aromatic compound without impacting
the softness texture. This needs to be confirmed using field trials in naturally occurring saline soils.

Introduction region, or around 4.9 million hectares (Division of Mineral Resources

Conservation and Management, 2015).

Soil salinity is a major problem in global crop production as
salt affected soils are reported to occupy about 20% of the world’s
cultivated land (Wu and Cheng, 2014) and 33% of the irrigated area
(Jamil et al., 2011). Most of the affected areas are in the Africa and
Asia, with 320 million ha of arable land in South and Southeast Asia
facing salinity problems (Igbal et al., 2010). In Thailand, soil salinity
is widespread in the Northeast, affecting an estimated 29% of the
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E-mail address: chanakan15@hotmail.com; chanakan.p@cmu.ac.th (C. Prom-u-thai)

Rice is the major staple food crop in Asia, but its production has
been limited by the extent of soil salinity in this region because rice
is highly sensitive compared to other crops (Kao, 2018). Moderately
saline soil with an electrical conductivity (EC) of 0.69 mS/cm
when saturated has been reported to reduce grain yield by up to 50%
(Van Genuchten and Gupta, 1993). Thailand is the world’s leading
rice exporting country, with a quarter of the global market share in the
mid 2010 period (Office of Agricultural Economics, 2013). Thai Hom
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Mali or Thai jasmine rice, grown mainly from the cultivar KDML105,
accounts for 37% of the wet season crop area and 29% of production
(Office of Agricultural Economics, 2018). Most of Thailand’s Hom
Mali rice is grown in the Northeast, where soil salinity is widespread
(Wongsomsak, 1986). The premium grade of Hom Mali rice is
associated with saline soils, with the geographical indications (GI)
designated Thung Kula Rong-Hai Thai Hom Mali Rice described as
rice grown from the varieties KDML105 and RD15 on saline soils in
a specific area in Northeast Thailand (Ngokkuen and Grote, 2012).
The farmers who have been certified as producers of the GI rice
have been identified in districts in northeastern provinces where soil
salinity is prevalent (Ngokkuen and Grote, 2012). To date, there has
been limited information on the effect of saline soil, particularly on
the aromatic compound in rice. A study of three aromatic rice varieties
in the temperate environment of the Camargue in France showed that
soil salinity increased the concentration of the aromatic compound
(2AP), while depressing yield (Gay et al., 2010). The Thai aromatic
variety KDML105 is described in its release documents as tolerant
to soil salinity (Bureau of Rice Research and Development, 2018).
To the best if the current authors’ knowledge, there is no definitive
information on how its yield and aroma are affected by salinity.
Therefore, this study aimed to determine the impact of the level of soil
salinity on the grain yield, aromatic compound and softness texture of
the rice variety KDML 105. This would be useful information for the
management of premium grade rice quality production of Thai Hom
Mali rice to improve the aroma and minimize yield lose.

Materials and Methods
Plants culture

A pot experiment was conducted at Kalasin University, Kalasin
province, Thailand in the wet season from July to December 2017.
The experiment was arranged in a completely randomized design with
four independent replications. The seed of KDML 105 was obtained
from the Kalasin Rice Seed Center, Kalasin province, Thailand.
The soil series of Si Thon (coarse-loamy) was used in this experiment.
Five different levels of soil salinity were tested by applying salt at
0 g NaCl/kg soil, 1.16 g NaCl/kg soil, 1.74 g NaCl/kg soil, 2.31 g NaCl/kg
soil and 2.89 g NaCl/kg soil. At 2 wk after soil had been incubated in
the pot, the EC was measured using a portable EC meter (model EZ-1,
China) in each salt application to determine the soil salinity class after
one week of soil incubation (Wolf, 1999). Seedlings aged 2 wk were
transferred into the prepared 5 L plastic pots containing 9.5 kg of soil
(9% moisture content), with two plants per pot. The water level in each
pot was maintained at 2—5 cm above the soil surface until harvest.
At 10 d after transplanting, N and K fertilizer were applied at
16.50 mg/kg soil and 12.67 mg/kg soil, respectively. At 22 d after
transplanting, 11.71 mg N/kg soil was applied. Finally, N P and K at
3.82 mg/kg soil, 1.67 mg/kg soil and 3.17 mg/kg soil, respectively,
were applied at 57 d after transplanting. At maturity, the yield and
yield components were evaluated consisting of tillers per hill, panicles
per hill, number of seeds per panicle and 1,000 seed weight. Seeds

samples were kept in the cold room at 18°C before being subjected to
chemical analysis.

Aromatic compound and alkaline spreading value analysis

About 10 g of each paddy rice sample was de-husked to yield
brown rice grain. A key aroma compound, 2-acetyl-1-pyrroline (2AP),
was evaluated based on the fresh extract of uncooked brown rice using
capillary gas chromatography-mass spectrometry as in the published
method of Mahatheeranont (2001).

The alkali spreading value was tested following the protocol of
the National Bureau of Agricultural Commodity and Food Standards
(2018) with a small adjustment for brown rice. Twenty brown rice
grains from each saline treatment and replicate were placed into Petri
dishes, 30 mL of 1.7% KOH solution was added and left at room
temperature. Four brown rice grains of KDML105 (low gelatinization
temperature) and RD4 (high gelatinization temperature) were used
as checks for the precision and accuracy of the method. The degree
of spreading was assessed at 25 hr, using a seven-point integer scale,
where a lower score indicated a higher gelatinization temperature and
vice versa for a higher score.

Data analysis

Data were analyzed using one-way analysis of variance. The
differences among treatment means were compared using least
significant difference at p < 0.05. Correlations between datasets were
determined using coefficient correlation analysis.

Results

The EC of the incubated soil increased linearly with an increasing
rate of the salt added (Table 1). Based on the EC (Wolf, 1999),
the soil in the experiment was non-saline without added salt,
slightly saline with 1.16 and 1.74 g NaCl/kg soil, moderately saline
with 2.31 g NaCl/kg soil, and strongly saline with 2.89 g NaCl/kg soil
with EC values of 0.13 mS/cm, 0.62 mS/cm, 0.74 mS/cm, 0.95 mS/cm
and 1.16 mS/cm, respectively.

Adding salt to the soil depressed the rice grain yield and 1,000 seed
weight, but there was no effect on the plant height, number of tillers
per hill, number of panicles per hill and number of seeds per panicle
as shown in Table 2. The yield was depressed on average by 36.3%
when salt was applied at all rates compared with no salt application.
Similar to the grain yield, the 1,000 seed weight was reduced by 8.4%
when salt was added at all rates compared to the control treatment.
The effect of increasing salinity on yield depression was evident
in the significant, negative, linear relationship between electrical
conductivity and yield (correlation coefficient (r) = -0.94) and
between electrical conductivity and 1,000 seed weight (r = -0.82).
The grain yield was positively correlated with the number of seeds per
panicle (r=0.89) and the 1,000 seed weight (r = 0.93), while the 1,000
seed weight was positively correlated with the number of tillers per
hill (r = 0.89) as shown in Table 3.
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Table 1 Electrical conductivity and salinity classes of soil at five different
rates of salt concentration
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Table 3 Correlation coefficients between electrical conductivity, yield,
2-acetyl-1-pyrroline (2AP) concentration and other yield component characters

Salt (NaCl) application rate Electrical conductivity — Soil salinity class'

(mg/kg dry soil) 1:5 soil:water

(mS/cm)
0 0.13 Non saline
1.16 0.62 Slightly saline
1.74 0.74 Slightly saline
2.31 0.95 Moderately saline
2.89 1.16 Strongly saline

! Source: Wolf (1999)

Yield 1,000 seed weight 2AP concentration
Electrical conductivity -0.94" -0.82" -0.35m
Yield 0.13m
Plant height -0.57™ 0.26™
Number of tillers/hill 0.73 0.89"
Number of panicles/hill 0.29™ 0.31™
Number of seeds/panicle ~ 0.89" 0.69™
1,000 seed weight 0.93" 0.28™

"= non-significant different at p < 0.05; * = significant different at p < 0.05

Table 2 Yield (14% moisture content) and yield components of KDML 105 rice grown at different levels of salt application

Salt application Yield Plant height Number of tillers/ ~ Number of panicles/  Number of seeds/ 1,000 seed weight
(g NaCl/kg soil) (g/pot) (cm) hill hill panicle (2)

0 39.52 112.6 10.3 8.3 114.9 24.8°

1.16 28.8° 111.2 10.5 9.0 93.6 23.8%®

1.74 24 .4° 109.6 9.5 8.5 79.1 22.3°

2.31 23.9° 113.1 9.0 8.1 106.5 22.0°

2.89 23.5° 107.6 9.4 7.5 86.8 22.8°
F-test ** ns ns ns ns *

SD 7.3 3.9 1.7 1.0 21.5 1.6

CV (%) 15.9 9.8 17.9 11 19.7 5.5

CV = coefficient of variation; ns = non-significant difference at p < 0.05; * = significant difference at p < 0.05; ** = highly significant difference at p < 0.01.

Different lowercase superscript letters within each column indicate a significant difference (p < 0.05).

The effect of soil salinity on the aromatic compound 2AP
was different from the yield effect (p < 0.05) (Fig. 1). The 2AP
concentration increased by about 15% with increasing soil application
at 1.16 g NaCl/kg soil from no salt application, but no effect was
found at the higher salt application rates of 1.74-2.31 g NaCl/kg soil,
while applying at the even higher rate of salt at 2.89 g NaCl/kg soil
slightly decreased the concentration of 2 AP compared to the control
treatment. The 2AP concentration did not show any significant
correlation with the electrical conductivity (r = -0.35), grain yield
(r=0.13) and 1,000 grain weight (r = 0.28) as shown in Table 3.
These results indicated that the gelatinization temperature of rice grain
was not affected by applying salt in the soil and did not affect the alkali
spreading value at any of the concentration rates as shown in Fig. 2.

Discussion

The results showed that soil salinity significantly depressed the
grain yield of rice variety KDML 105 by reducing the individual
seed weight as was reported by Van Genuchten and Gupta (1993).
Saline soil has been shown to reduce grain yields in rice by disrupting
fertilization resulting in a high percentage of undeveloped seeds
(Patcharapreecha et al., 1990). The current study for the first time
showed the effect of salt stress on yield and the the aromatic compound
in Thai Hom Mali rice cv. KDML 105 which is a popular aromatic
rice variety consumed globally. The current study did not produce
any impact on the numbers of fertilized and undeveloped seed and
the salinity level did not affect general plant growth characteristics
as indicated by the lack of any significant differences for the plant
height, tiller number per hill, panicle number per hill and number of
seeds per panicle among the salt application rates (Table 2). On the
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Fig. 1 Effect of soil salinity on the aromatic compound 2-acetyl-1-pyrroline
intensity of KDML 105, where different lowercase letters above bars indicate
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Fig. 2 Effect of soil salinity on alkaline spreading value of KDML 105, where
the same letter above bars indicates no significant difference (p > 0.05) and the
standard checking for alkaline spreading value for KDML105 (low gelatinized
temperature check) = 6-7 and for RD4 (high gelatinized temperature check) = 2.
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other hand, the current study showed that the salt treatments affected
the individual seed weight which consequently affected the grain
yield as indicated by the correlation between grain yield and electrical
conductivity and 1,000 seed weight which was reported by Gay et al.
(2010). This phenomenon has been explained as perhaps being due
the limited grain-filling process during grain development (Wei et al.,
2017). Grain filling is the process of accumulating starch in rice
which is an end product of photosynthesis and which saline soil was
found to depress during processing (Chaves et al., 2009). Therefore,
minimizing yield loss when rice is grown under salt stress conditions
could be solved by reducing salt stress during the grain filling stage
which could be conducted, for example, by applying gypsum into the
soil (Basel, 2012), though no results from this have been reported
recently. Thus, this should be the subject of future experiment to
determine any yield loss based on the number of seeds per panicle
and the 1,000 seed weight which should be major traits to indicate the
effect of salt stress in rice.

The current study also showed that the concentration of the
aromatic compound of 2AP in the indica Thai rice variety KMLD105
responded differently to salinity compared with the 2AP in the aromatic
temperate japonica varieties grown in France (Gay et al., 2010).
This latter variety showed highly significant correlations between
electrical conductivity and the 2AP concentration and between
the 2AP concentration and 1,000 grain weight. On the other hand,
the variety KDML105 in the current study appeared to be more
sensitive to salinity, with a stimulating effect on 2AP by very mild
salinity at 1.16 g NaCl/kg soil (EC of 0.62 mS/cm). The 2AP
compound disappeared at the higher levels of salt application with
a significant lowering of the 2AP concentration at the strongest
salinity treatment of 2.89 g NaCl/kg soil (EC of 1.16 mS/cm).
The independence of the 2AP concentration from the 1,000 grain
weight found here suggested that aroma expression in the Thai variety
KDML105 may be influenced by salinity through a different process
from that associated with smaller grain size as suggested for the
French varieties (Gay et al., 2010). The absence of any relationship
between electrical conductivity and the 2AP concentration confirmed
previous reports on the adverse effect of soil salinity in decreasing
rice yield and increasing the concentration of the aromatic compound
2AP (Van Genuchten and Gupta, 1993). While it depressed the grain
yield in rice, it improved the aroma of the rice grains which have the
secondary metabolite, 2AP as a key major compound (Poonlaphdecha
et al., 2012). The 2AP compound increased when salt was applied at
1.16 g NaCl/kg soil (0.62 mS/cm soil EC (1:5, soil: water) from the
control treatment (Tables 1 and Fig. 1). Secondary metabolites play an
important role in defending plant tissues from adverse conditions, such
as pathogens or environmental stress, including saline soil (Tiwari and
Rana, 2015). Thus, rice grown under saline conditions may produce
higher 2AP in an effort to increase its tolerance to the salinity, even
in the low soil salinity condition. However, the 2AP compound
was reduced at the higher rate of salt stress of 2.89 g NaCl/kg soil
(1.16 mS/cm soil EC at 1:5 soil:water). In addition, the concentration
of 2 AP compound did not have a dilution effect on the grain yield
under saline soil growing conditions as no negative correlation

between the grain yield and 2 AP concentration was observed in this
study. Therefore, the proper management for growing rice under
saline soil conditions is required when dealing with both the grain
yield and aroma compound.

However, this study also showed that growing rice in saline soil
did not affect the grain texture as indicated by no difference in the
alkaline spreading value in the rice grain at all soil salinity levels.
Northeast Thailand contains around 3.7 million ha of the slightly
saline soil, almost 1 million ha of moderately saline soil and around
0.2 million ha of strongly saline soil (Division of Mineral Resources
Conservation and Management, 2015). The current study showed that
adequate grain yields of KDML 105 was produced even in moderately
and strongly saline soils, even though the yield was slightly depressed.
Therefore, it is possible to produce high-quality KDML 105 rice under
saline soil growing conditions with the proper management.

The grain yield of the rice variety KDML 105 decreased when salt
was applied at all applications from 1.16 g NaCl/kg soil to 2.89 g NaCl/kg
soil, while the concentration of the 2AP aromatic compound increased
under mildly saline conditions (1.16 g NaCl/kg soil) but was depressed
under strongly saline conditions (2.89 g NaCl/kg soil) without
any impact on grain softness texture. These results suggested that
while mild salinity may depress the yield of Hom Mali rice, it can
improve grain quality by increasing the concentration of the aromatic
compound.
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ABSTRACT

Three field experiments were conducted on farms in Chiang Mai, Thailand in
2015 to evaluate the effects of: (i) foliar application of Zn on the grain yield and grain
Zn concentration of rice and (ii) using Zn-enriched seeds in the next cropping on growth
and yield. Zn was applied by foliar spraying 0.5% ZnSO, at three different growth stages:
booting, flowering, and early milk stages. Foliar spraying of Zn improved the grain Zn
concentration by 41% in one field, and an average of 30% across the three fields. The foliar-
sprayed Zn did not, however, affect the grain yield in any of the fields. The Zn-enriched
seeds also did not affect the grain yield of the plants in the farmers’ fields in the next
cropping, probably because of the high amount of soluble Zn already in the experimental
fields. Clearly, the foliar application of Zn significantly increased grain Zn concentration,
but had no effect on grain yield.

Keywords: Foliar Zn fertilization, Farmers’ field, Grain Zn concentration, Rice, Seed zinc
enrichment

INTRODUCTION

Zinc deficiency is amajor malnutrition problem, resulting in severe health complications,
including growth retardation and impaired immune system, combined with increased risk of
infection, DNA damage, and alterations in mental function (Hotz and Brown, 2004; Gibson
et al., 2007). The recommended daily intake of Zn is only 16 mg per day (National Research
Council, 1989), but many commonly consumed foods do not provide this amount, especially
in the developing world where cereal-based foods that are low in Zn predominate diets (Gibson
et al., 2007; Cakmak and Kutman, 2017). For example, in South and Southeast Asia where
rice is the staple diet, more than one-half a billion people have been estimated to be affected
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by inadequate Zn intake, especially pre-school children and women (Hotz and Brown, 2004;
Gibson et al., 2007; Black et al., 2008). In northeastern Thailand, 57% of pre-school children
have low amounts of serum Zn (Thurlow et al., 2005). Thailand consumes high amounts of
rice that is low in Zn (Gibson et al., 2007; Phattarakul et al., 2012). The average content of
Zn in rice grown in Thailand is only 28.7 mg per kg (range 17.3- 59.2) in brown rice and 20.6
mg per kg (range 9.6-40.2) in white rice across several regions tested (Saenchai et al., 2012;
Jaksomsak et al., 2014; Panomjan et al., 2016). It has been suggested that increasing the grain
Zn concentration by up to 50 mg per kg would benefit human health through improved diet
and agriculture through better seed germination and seedling vigor (Welch and Graham, 2004;
Cakmak, 2008; Prom-u-thai et al., 2010).

Incrop plants, Zn has a diverse range of critical functions that affect several physiological
processes, including enzyme activation, protein synthesis, detoxification of reactive oxygen
species gene expression and regulation, and reproductive development (pollen formation)
(Cakmak, 2000; Chang et al., 2005; Marschner, 2012). Thus, biofortifying rice with increased
Zn, either through plant breeding and/or fertilizer strategies, would contribute to both better
plant growth and the nutritional quality of its grain (Bouis, 2002; Cakmak and Kutman, 2017).
Soil Zn application affects grain Zn less than foliar fertilization, as shown in rice and wheat
(Cakmak et al., 2010; Phattarakul et al., 2012). In rice, foliar application of Zn is a particularly
advantageous method to enhance grain Zn concentration compared with soil application, as
it avoids the complex soil interactions that limit Zn uptake through a plant’s roots (Mabesa et
al., 2013). The efficiency of soil Zn fertilization in increasing the grain Zn concentration in
cereal depends largely on the soil type and fertility (Cakmak, 2008). When rice was grown
in different types of soil, up to 90% difference was observed in the grain Zn concentration in
the same rice varieties (Graham et al., 1999). Wissanu et al. (2007) also found a significant
variation in grain Zn concentration (e.g., from 8 mg kg™ to 47 mg kg™') for a given rice variety
when grown in different soil Zn fertility. These findings indicate that environmental conditions
have a significant impact on grain Zn concentration. In the case of foliar application of Zn, the
type of soil has a minor effect on the biofortification of grains with Zn through foliar spray.
Zinc concentration in brown rice (whole caryopsis with husk removed) was increased by 25%
by foliar application of Zn in 17 field trials conducted in five different countries (China, India,
Lao PDR, Thailand, and Turkey) with soil pH ranging from 4.8 to 8.8 and DTPA-extractable
Zn from 0.5 mg kg!' to 6.5 mg kg™! (Phattarakul et al., 2012). Most of the studies focusing
on biofortification of cereals with Zn have been conducted on research farms of universities
or research institutions. It would, therefore, be interesting to further investigate how foliar
application of Zn affects grain Zn accumulation under different soil conditions in farmers’
fields. Low Zn in seeds adversely affects not only human health, but also seed germination and
seedling vigor, especially under Zn-deficient soil conditions (Yilmaz et al., 1998). While high
concentrations of Zn in rice seed greatly improved the growth and development of seedlings
(Prom-u-thai et al., 2012; Boonchuay et al., 2013), these studies were not investigated under
farmers’ field conditions, either.

The present study evaluated the effect of (i) foliar application of Zn on grain Zn
concentration and yield and (ii) the role of Zn-enriched seeds in plant growth and yield in
three different farmers’ fields with high variation in soil fertility.
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MATERIALS AND METHODS

Study location

The study was conducted during two crop seasons (July to December) in 2015 and 2016
under field conditions at three different farms in Hang Dong District, Chiang Mai Province,
Thailand. Soil samples at each location were collected and analyzed for several chemical and
physical parameters. Farmers at each location grew rice (Oryza Sativa L.) variety ‘RD 14°.
The seeds were derived from the Rice Seed Center at Chiang Mai, Thailand. The seedlings
were prepared in the farmers’ fields; seedlings that were approximately 30 days old were
transplanted into the 20x20 m? plots with three replications at each location. The fields were
permanently flooded under 0.1-0.2 m of water until maturity. Nitrogen fertilizer was applied
by taking into consideration the farmers’ practice. Briefly, urea (46—0-0) fertilizer was applied
in two split applications at 300 kg ha''. One-half of the N was broadcasted by hand 30 days
after transplanting, along 15 kg P,O, ha' and 15 kg K,O ha!, as it was the optimal rate for rice
production in this area, and the other half of the N was applied 30 days later.

Foliar application of zinc

The farmers’ plots at each location were arranged in randomized complete block designs
with three independent replications. The treatments consisted of non-foliar application of Zn
(Zn0) and foliar application of Zn (Zn+). In the case of the foliar Zn treatment, Zn was applied
at the rate of 0.5% ZnS0O,.7H,0O at three different growth stages: (i) booting, (ii) flowering,
and (iii) early milk stage. The spray solution was prepared by dissolving ZnSO, in deionized
water. The foliar application was carried out by evenly spraying the solution until most of the
shoot parts were wet and the solution had just begun to drip from the leaves. The spraying
was always conducted in the late afternoon (~5 pm). The non-foliar Zn treatment consisted of
spraying with deionized water. At maturity, the grain yield and the yield components (straw
dry weight, clum length, panicle length, 1000 seed weight, number of filled grain and tiller)
of 1 m? were evaluated. Brown rice (husk manually removed by hand) was analyzed for Zn
concentration to compare the non-foliar and foliar treatments.

Sowing enriched Zn seeds

The Zn-enriched (Zn+) and Zn non-enriched (Zn0) seeds of the variety RD 14 used
in the next field experiment were derived from the foliar spray experiment described above.
The Zn-enriched seeds contained 18-21 mg Zn kg™ and the Zn non-enriched seeds 15-16 mg
Zn kg'. The seeds were sown on a seedbed for seedling preparation. The 30-day-old seeds
were then transplanted into the plots of 20x20 m? by using standard farmers’ practice with
three replications. This second field experiment used the same basal fertilizer applications
and soil management practices as the first experiment. At grain maturity, the grain yield was
determined; brown rice was used for the analysis of the Zn concentration.

Chemical analysis

The soil fertility characteristics were determined from soil samples collected from
a depth of 30 cm. The following soil parameters were analyzed: pH (measured in 1:1,
soil:water), organic matter, available phosphorus (by Bray II), extractable potassium, and
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diethylenetriaminepentaacetic acid (DTPA)-extractable Zn. The seed Zn concentration was
analyzed in brown rice (without husk) through atomic absorption spectrophotometer after the
dry-ashing method (Zarcinas et al., 1987).

Statistical analysis

The data were subjected to combined analysis of variance (ANOVA); means that were
significantly different were separated at P<0.05 by the least significant difference (LSD) at
P<0.05.

RESULTS

The experimental soils differed in soil pH and soil texture (Table 1). In location 3, the
sand percentage was very high (about 61%). Location 3 also had higher DTPA-extractable
Zn and lower soil pH compared to the other two locations. The soils were similar in organic
matter content.

Table 1. Chemical and physical properties of soils in three farmers’ field locations.

Location pH Organic (ngll:g“) S(:/l:;i (S(;l]t) fol/;: ;j Texture
1 6.49 1.57 1.33 40.3 41.0 18.9 Loam
2 6.69 1.24 1.28 429 33.0 42.0 Loam
3 6.02 1.40 1.53 61.1 26.0 13.4 Sandy loam

Foliar application of Zn had no effect on grain yield or yield component in all farmers’
fields, except for the percentage of filled grain (Table 2). However, the Zn effect on the
percentage of filled grain was not consistent. The average grain yield was 6.4 ton ha™!, which
was not statistically different between the farmers’ fields.

Table 2. Yield and yield components of rice cultivar RD 14 with (Zn+) and without (Zn0)
foliar application of 0.5% ZnSO,.7H,0 at three different locations.

Culm Panicle Dry straw

. Yield 1,000 seed %Filled . Tiller
Location Treatment (ton ha™") length length weight () grain weight plant’
(em) (cm) (g plant™)
Location
1 Zn0 6.1 85.1 17.1 29.1 71.7 a 488.9 17.4
Zn+ 6.9 90.3 14.9 29.6 855 b 540.5 15.4
Location
2 Zn0 6.4 88.5 15.0 29.5 88.0 b 524.5 15.1
Zn+ 6.1 85.0 15.0 29.0 731 a 501.3 16.0
Location
3 Zn0 6.6 87.1 15.3 28.8 84.8 a 490.7 16.0

Zn+ 6.2 84.6 15.7 30.2 88.4 a 481.8 16.1
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Table 2. Continued.

Culm Panicle Dry straw

. Yield 1,000 seed %Filled ) Tiller
Location Treatment (ton ha") length length weight () grain weight plant™
(cm) (cm) (g plant”)
Mean 6.4 86.8 15.5 29.4 81.9 504.6 16.0
F-test Location (L) ns ns ns ns HE ns ns
(P<0.05)  Treatment (T) ns ns ns ns ns ns ns
LxT ns ns ns ns HoE ns ns
LSDO.OS
(LxT) - - - - 6.3 - -

Note: Different lowercase letters indicate significant difference between Zn treatments at P<0.05; ‘ns’ indicates
‘no significant difference’ between field locations and Zn treatments at P<0.05.

The Zn concentration measured in the brown rice was significantly (P<0.05) affected
by the foliar Zn treatment in the three field locations (Table 3). The foliar application of Zn
increased the grain Zn concentration in all the fields compared to the controls; the increases
ranged from 21% (location 3) to 41% (location 1), with an average increase in the three fields
of 32% (Table 3). When Zn was not sprayed, the grain Zn concentrations in the three farmers’
fields did not differ significantly.

Table 3. Effect of foliar Zn spray in the form of ZnSO, at a rate of 0.5% on Zn concentrations
of brown rice in three farmers’ fields.

Zn concentration of brown rice (mg kg™)

Treatment/location
Location 1 Location 2 Location 3 Mean

Zn0 15.4 Ab 16.7 Ab 154  Ab 15.8
Zn+ 21.7 Aa 21.9 Aa 18.7 Ba 20.8
Mean 18.5 19.3 17.1
F-test (P<0.05)
Location (L) ns
Treatment (T) ot
LxT *
LSD, . (LXT) 1.6

Note: The data are the means of three independent replications. Different uppercase letters indicate significant
difference between field locations and lowercase letters indicate significant difference between Zn treatments

at P<0.05; ‘ns’ indicates ‘no significant difference’ between field locations and Zn treatments at P<0.05.

In the next experiments, Zn-enriched and non-enriched rice seeds were sown to study
the role of high concentrations of seed Zn on plant yield. In all three locations, seeds with
higher Zn did not affect the grain yield (Table 4). Similarly, the Zn-enriched seeds did not
affect the Zn grain concentrations in the mature grain.

Table 4. Grain yield of rice grown from Zn-enriched seed by foliar application of Zn.
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Grain yield (ton ha™)

Treatment/location
Location 1 Location 2 Location 3 Mean
Zn0 5.2 4.5 4.8 4.8
Zn+ 4.5 5.1 4.6 4.8
Mean 4.9 4.8 4.8 4.8
F-test (P<0.05)
Location (L) ns
Treatment (T) ns
LxT ns
Grain Zn concentration (mg kg™)
Treatment/location
Location 1 Location 2 Location 3 Mean
7Zn0 20.2 19.5 19.5 19.7
Zn+ 19.6 19.2 19.5 194
Mean 19.9 194 19.5 -
F-test (P<0.05)
Location (L) ns
Treatment (T) ns
LxT ns

Note: ‘Zn0’ indicates that the plants were derived from low-Zn seeds (15-16 mg kg') and ‘Zn+’ indicates
that the plants were derived from high-Zn seeds (18-21 mg kg™"). The data are the means of three independent
replications. ‘ns’ indicates ‘no significant difference’ between field locations and Zn treatments at P<0.05.

DISCUSSION

The results obtained from this study confirmed that foliar application of Zn improved
grain Zn in rice grown under farmers’ field conditions (Table 3). Previous studies have shown
a similar affect, but most were conducted under controlled conditions at experimental research
units of universities or institutes (Stomp et al., 2011; Phattarakul et al., 2012; Ram et al.,
2016). The present results showed that increases in grain Zn also occurred under farmers’ field
conditions with different soil chemical and physical properties.

Foliar application of Zn has been suggested as an effective method in correcting Zn
deficiency and improving grain Zn concentration in rice (Wissuvaetal., 2007; Jiang et al., 2008;
Stomph et al., 2011). The Zn sprayed by foliar fertilizers is absorbed by the leaf epidermis, and
remobilized and transferred into the rice grain through the phloem (Wu et al., 2010) with the
contribution of several Zn-regulating transporter proteins (Li et al., 2013). These processes
have been demonstrated in other crops, such as wheat, which efficiently remobilizes Zn from
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leaves to grain (Grewal and Graham, 1999), but the same has not always been the case with
rice (Jiang et al., 2007; Wu et al., 2010). The phloem mobility of Zn in rice is less understood
than in wheat, limiting attempts to maximize grain Zn enrichment (Cakmak, 2008).

The rice genotype and growth conditions have the largest effect on the agronomic
effectiveness of foliar Zn spray to enhance grain Zn (Wissuwa et al., 2007; Phattarakul et al.,
2012; Boonchuay et al., 2013; Mabesa et al., 2013). In good agreement with these previous
studies, this study also showed that the effect of foliar Zn spray varied greatly between the
three farmers’ fields (Table 3) with their different soils (Table 1). The loamy texture of the soil
in location 1 and location 2 resulted in higher grain Zn concentration compared to the sandier
soil in location 3, despite its higher soil Zn concentration.

Foliar application of Zn had no effect on grain yield and many of the yield components
measured in this study. This was probably due to the high DTPA-extractable Zn concentrations
in the soils (Table 1), which ranged from 1.3 mg kg™' to 1.5 mg kg™' — all well above the critical
level of soil Zn deficiency at 0.5 mg kg™' (Alloway, 2008; Mabesa et al., 2013). During field
visits, we observed no visible symptoms of Zn deficiency on the plants. A previous study also
reported that foliar application of Zn at various growth stages and frequencies had no effect on
grain yield and yield components in rice plants (Boonchuay et al., 2013). An increase in grain
yield after foliar application of Zn could be expected when plants are grown on a Zn-deficient
soil, as reported in both rice and wheat (Wissuwa et al., 2007; Cakmak et al., 2010).

It has been well documented that using seeds with high Zn concentrations improved
the growth and development of plants, especially under Zn-deficient soil conditions (Yilmaz
et al., 1998; Prom-u-thai et al., 2012; Boonchuay et al., 2013). However, in the present study,
using Zn-enriched seeds in farmers’ fields did not affect the grain yield and Zn concentration
in the next crop compared to using non-enriched seeds. As with our first experiment, the high
amounts of available Zn already in the soil was the likely reason.

In conclusion, foliar application of Zn improved rice grain Zn concentrations under
field conditions on farms with different soil properties in Chiang Mai, Thailand. High
concentrations of Zn in rice seed would help improve human nutrition and health as well as
provide several agronomic benefits, including better seedling vigor and seed viability, higher
yield, and reduced seed rate required for sowing, especially when plants are grown on Zn-
deficient soils. However, the foliar Zn spray in this study did not affect grain yield, which
was probably due to the already high availability of Zn in the studied fields. Similar field
experiments on farms, rather than under controlled research conditions, are needed in fields
with Zn-deficient soils.
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ABSTRACT ARTICLE HISTORY
The present study investigated how foliar zinc (Zn) application affects Received 11 July 2019
seedling growth and Zn concentration of rice grown in a Zn-deficient cal- Accepted 3 November 2019

careous soil with different soil Zn treatments. Seeds were sown in soil with

five rates of Zn (0, 0.02, 0.1, 0.5 and 5.0mg kg~ ' soil) with and without FKEIYWQRDS lication: rice:
foliar application of 0.5% ZnSO,. Seedlings were harvested at 35days and S:e'glri;;n;rz’m;azt;:g' rice
separated into (i) the youngest leaves, (ii) the remaining shoot parts and deficiency; zinc f’ertilization
(iii) roots. In soil with no Zn supply, shoot and root dry weight of the rice

seedlings were significantly increased by foliar and soil Zn treatments.

Plant growth was not clearly increased in low soil Zn treatments, while at

each soil Zn treatment, foliar Zn application promoted growth of plants.

Plants with adequate Zn supply had the highest Zn concentrations in the

youngest leaf. Foliar Zn spray improved Zn concentration of the new

growth formed after foliar spraying which shows that Zn is phloem mobile

and moved from treated leaves into youngest new leaves. The results indi-

cate clearly in rice seedlings that shoot growth shows more responsive to

low Zn than the root growth. The results obtained in the present study are

of great interest for proper rice growth in Zn-deficient calcareous soils but

needs to be confirmed in other rice genotypes.

Introduction

Zinc is one of the key micronutrients that plays diverse critical physiological roles in plants
including protein biosynthesis, gene expression and detoxification of highly toxic oxygen free rad-
icals (Cakmak and Marschner 1993; Cakmak 2000; Broadley et al. 2007). Zinc is involved in
many physiological processes of plant growth and metabolism, including enzyme activation, pro-
tein synthesis, metabolism of carbohydrates, auxins and nucleic acids, gene expression and regula-
tion and reproductive development (pollen formation) (Marschner 2012; Cakmak 2000).

Rice (Oryza sativa L.) is one of the staple crops feeding more than half of the world’s popula-
tion, most notably in Asia. To feed an ever-increasing world population, an increase in rice pro-
duction per unit area is urgently required (Von Grebmer et al. 2008). Although high-yield
varieties are available, a large variation yield gap exists among rice-growing countries. Nutrients
and water are two factors that frequently limit the growth and yield of the world’s rice crop
(Yoshida 1981). After nitrogen (N), phosphorus (P) and potassium (K), widespread Zn deficiency
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is responsible for yield reduction in rice, especially in critical stages such as seedlings that suffer
from the shock of transplantation (Fageria, Baligar, and Clark 2002; Quijano-Guerta et al. 2002;
Rehman et al. 2012). Recently, it has been shown that adequate Zn nutrition mitigates salinity
stress in rice, probably by stimulating K uptake and improving membrane stability (Tufail
et al. 2018).

In tropical lowland rice, transplanting of seedlings at 25-30 days after germination is a com-
mon practice among farmers (De Datta 1981). Zinc deficiency is considered a major nutritional
stress during the seedling stage that continues to the post-transplantation period (Dobermann
and Fairhurst 2000; Quijano-Guerta et al. 2002). Producing vigorous seedlings by Zn fertilization
is of great importance for increasing and ensuring better grain yield, especially when rice is culti-
vated in soils with low Zn availability, such as soils with high pH and/or high carbonate content
and low redox potential (Mandal, Hazra, and Mandal 2000; Alloway 2009).

Foliar Zn application is a particularly advantageous method of enhancing both grain yield
and Zn concentration in the grains compared with soil Zn application, as it avoids the complex
soil interactions that limit plant Zn uptake through the roots (Mabesa et al. 2013). Foliar Zn
application has been reported to increase wheat grain yield and grain Zn content as shown in
several studies (Yilmaz et al. 1997; Zhang et al. 2010; Cakmak and Kutman 2018). Rice grain
Zn has also been shown to be increased by foliar Zn application (Phattarakul et al. 2012;
Boonchuay et al. 2013; Ram et al. 2016). These results also indicated that Zn shows a good
phloem mobility in wheat and rice and moved to grains through phloem after absorption by
the leaves. In previous studies, it has been shown in wheat plants that Zn has relatively high
phloem mobility and up to 70% of the vegetative Zn is transported into grain, especially in case
of high N supply (Kutman, Yildiz, and Cakmak 2011). On the other hand, rice seeds biofortified
with Zn in field after foliar Zn spray (Boonchuay et al. 2013) or just before sowing through
seed Zn priming (Slaton et al. 2001; Prom-u-Thai et al. 2012) showed much better germination
and seedling vigor than the seeds without Zn enrichment. Dipping the roots of rice seedlings in
a Zn solution (e.g., a 1% suspension of ZnO) before transplanting has been also shown to
increase rice yield in Zn-deficient soils (Yoshida et al. 1970; Sharma, Takkar, and Sadana 1982)
and has been recommended as one of the ways in which Zn deficiency in transplanted rice can
be overcome (Yoshida et al. 1970).

It has been documented that shoot and root growth of rice seedling at 14 days after sowing
affected differently by Zn fertilizer supplies. At sufficient Zn supply, a better seedling growth and
development has been found with sufficient Zn than the deficient Zn supply (Impa and Johnson-
Beebout 2012). In this study, shoot Zn concentrations of plants were 12.9mg kg~ ' for low Zn
plants and 22mg kg~ ' for Zn-sufficient plants. In a previous study, it has been reported that the
critical Zn concentration at early growth stage in the shoot should be 15-20mg kg~' for lowland
rice (Dobermann and Fairhurst 2000). In the present study, we grown young rice plants under
varied soil and foliar applications to investigate how root and shoot growth are affected by soil
and foliar applications of Zn. Additionally, Zn concentration of new growth (i.e., recently devel-
oped youngest leaves) was studied after foliar spray of Zn to young rice plants.

Materials and methods

The experiment was conducted in pots under controlled glasshouse conditions at the Faculty of
Engineering and Natural Sciences, Sabanci University. The experiment used a completely
randomized block design with ten treatments in a factorial combination of two foliar Zn (desig-
nated foliar Zn) and five soil Zn applications (designated soil Zn) with four independent
replications.
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Table 1. Chemical and physical properties of soil used in this experiment.

Texture Loamy clay
pH 7.6

Organic matter 1.5%
CaCos 18%
Extractable Zn concentration (DTPA) 0.1mg kg’1

Source: Kutman et al. (2010).

Soil Zn application and plant culture

Rice seed of the cultivar Osmancik 97 was obtained from the Turkish Agriculture Institute. Seeds
used in the experiments were first surface sterilized by washing three times with DDI water
before soaking in 0.1% NaClO for 1 min, then rinsed three times with DDI water. The seeds were
sown in 2.2kg pots of soil which received increasing amount of Zn application (i.e., 0, 0.02, 0.1,
0.5 and 5.0mg Zn kg71 soil) in form of ZnSO, 7H,0. The soil used in the experiment had a
loamy clay texture, pH 7.6, 1.5% organic matter, 18% CaCOj; and the diethylenetriamine penta-
acetic acid (DTPA)-extractable Zn concentration before Zn treatment was 0.1 mg kg~ soil (Table
1) (Kutman et al. 2010). The nitrogen, phosphorus, potassium, sulfur and iron fertilizers were
applied in form of CaNO;, KH,PO,, KH,PO,, K,SO, and Fe-sequestrene (FEEDDHA) at the rate
of 200, 150, 262, 30 and 10mg kg™ soil, respectively by evenly mixed the fertilizer solution into
soil at pot preparation. The pot plants were subjected to water at about field capacity twice daily
until harvested.

Foliar Zn application

The foliar Zn spray was realized at the rate of 0.5% ZnSO, 7H,O in deionized water. The first
spray was made at seven days after sowing (early seedling stage with single leaf) and then
repeated at 28 days after sowing (late seedling stage with 3-4 leaves). The treatment with no foliar
Zn was by using DDI water. The spray solutions contained 0.01% of Tween 20 as a surfactant
that was mixed well with the Zn solution before the foliar spray starts. A protective cover was
placed above the soil surface while applying the foliar Zn fertilizer to prevent any drops of Zn
solution from shoot or directly spray solution.

Sample collection and Zn concentration analysis

At harvest, plants were at the beginning of stem elongation stage (35days old), and following
three fractions were collected: (i) the youngest leaf (the new growth that was developed after the
last foliar spray), (ii) the remaining shoot part (i.e., the part that was directly exposed to foliar Zn
spray) and (iii) roots. All harvested plant parts were first washed under running tap water, then
briefly (10-15s) with 0.1% HCI solution and thereafter completely rinsed in deionized water
which was enough for removing root surface ad-hearing Zn (Reuter and Robinson 1997). The
washed samples were dried at 80 °C for 72h, and plant dry weight was recorded. Zinc concentra-
tion in the plant parts was analyzed by inductively coupled plasma optical emission spectrometry
(ICP-OES) (Vista-Pro Axial; Varian Pty Ltd., Mulgrave, Australia). For the ICP-OES analysis of
Zn, approximately 0.25g of ground sample was subjected to acid-digestion in a closed-vessel
microwave system (MarsExpress; CEM Corp., Matthews, NC, USA). The ground peach leaves
received from National Institute of Standard and Technology were used as the standard reference
material (SRM 1547) at each batch.
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Figure 1. Shoot and root characteristics of rice seedlings grown in different soil Zn treatments by supplying of 0, 0.02, 0.1, 0.5
and 5.0mg Zn kg™ soil in form of ZnSO, 7H,0 with and without foliar Zn application at the rate of 0.5% ZnSO, 7H,0 in deion-
ized water.

Data analysis

Analysis of variance was carried out to detect differences among the Zn treatments using Statistic
8 analytical software (SXW, Tallahassee, FL, USA). The least significant difference (LSD) at
p <.05 was applied to compare the means for significant differences between treatments. Pearson
correlation analysis was used to test the significance of each correlation.

Results
Shoot and root dry weight

There was an interaction between soil Zn and foliar Zn supplies on shoot and root dry weight
(p <.05) (Table 1). In soil with extremely limited Zn, shoot and root dry weight of rice seedlings
were increased by both soil Zn and foliar Zn applications. Shoot dry weight was doubled by
either foliar Zn or soil application at 0.5mg Zn kg~ ', while soil Zn alone at 0.05 and 0.1 mg kg '
had little effect (Figures 1 and 2A). The root dry weight was less responsive to foliar Zn and
more responsive to soil Zn, with significant effect only when the foliar Zn was applied in combin-
ation with 0.02mg Zn kg~ soil, or when the soil application alone was increased to 0.5 mg kg~
or more (Figures 1 and 2B). The results also showed existence of a significant linear relationship
between shoot and root dry weight of the seedlings grown in different Zn treatments (r=0.94,
p <.05) (Figure 3).

Zn concentration in young leaf and root

The concentration of Zn in the young leaves and roots was affected by soil Zn and foliar Zn
applications, respectively (Table 2). The foliar Zn treatment tended to reduce the root Zn concen-
tration compared with those in soil Zn applications, while the effects of the soil Zn treatments
were not significant. Foliar application in case of the 0.02mg kg ' soil Zn treatment had the



JOURNAL OF PLANT NUTRITION 1263

5 =
A)
O~ Foliar W + Foliar LSDy o5 (Soil x Foliar)= 0.71
4 ab @
o abc
°
= 3 cd bed
%D cd
'g de
P 2
Z f
5 e
3 f f
£
v 1 i
0 T T
0 0.02 0.1 0.5 0.5
Soil Zn treatment (mg kg* soil)
1 = B)
08 4 O-Foliar M+ Foliar LSDo.05= (Soil x Foliar) = 0.11
9
o
)
= Do a
) b
o a
g abcd abc
£ 04+ bed bed
o cde
9 de
< e e
0.2 -
O T T T
0 0.02 0.1 0.5 0:5

Soil Zn treatment (mg kg soil)

Figure 2. Dry weight of shoots (A) and roots (B) of rice seedlings grown in different soil Zn treatments with and without foliar
zinc fertilizer at 0.5% ZnSO,. Different lowercase letters above bars indicate significant differences between treatment means at
p < .05. Lines above bars indicate standard error of mean.

highest root Zn concentration, while the lowest concentration was found when foliar Zn was
applied (Table 3). In case of some soil Zn treatments as shown in Table 3, foliar Zn supply
increased the Zn concentration of the new young leaves which were developed after foliar Zn
spray. With exception of the lowest sol Zn supply, foliar Zn spray had always positive effect on
Zn concentration of young leaves (i.e., new growth). The highest Zn concentration in the new
young leaf was found at the higher rate of 5.00mg kg™ soil Zn supply both with and without
foliar Zn application.

Discussion

This study has demonstrated the positive effects of foliar and soil Zn application on the growth
and Zn accumulation in rice seedlings grown in a Zn-deficient calcareous soil. The critical defi-
ciency level of Zn in the whole shoot of rice seedlings was established at 15-18 mg Zn kg~ 'dry
weight (Forno, Asher, and Yoshida 1975). The seedlings produced in the present study without
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Figure 3. The relationship between shoot and root dry weight of rice seedlings grown in different soil Zn treatments with and
without foliar zinc fertilizer (n =10).

Table 2. Analysis of variance for dry weight of shoot and root, Zn concentration in the youngest leaf and root and Zn content
in shoot and root of rice seedlings grown in different soil Zn treatments with and without foliar zinc at the rate of 0.5%
ZnS0,4 7H,0.

Source

Characteristic Plant part Soil Zn Foliar Zn Soil Zn x Foliar Zn
Dry weight Shoot oK oK Hx

ROOt k3% k3% kk
Zn concentration Youngest leaf * Ns ns

Root ns * ns
Zn content Shoot ok ok ok

ROOt k3% k3% kk

ns: no significant difference (p >.05); * and ** indicate significant difference at p <.05 and p < .01, respectively.

foliar Zn spray and with low soil Zn supply (below 0.5mg Zn kg~ soil) were all deficient in Zn.
This study also indicated that low levels of Zn concentration in seedling stage were 10-15mg Zn
kg ' and that Zn deficiency was effectively corrected by foliar Zn application. The plants with
better Zn nutrition and growth had Zn concentrations over 23 mg Zn kg~ ' dry weight in younger
leaves which may indicate that younger leaves of rice plants during early stage of growth should
contain at least 23 mg Zn kg ' to ensure and maintain better growth on Zn-deficient calcar-
eous soils.

The results given in Figure 1 and Table 3 indicate that shoot growth is more sensitive to Zn
deficiency than the root growth. These results are in good agreement with the results obtained in
bread and durum wheat plants published previously by Cakmak et al. (1996). Higher susceptibil-
ity of shoots to low Zn than root growth was ascribed to light-induced oxidative damage (i.e.,
photooxidative damage) in leaves under Zn deficiency (Cakmak et al. 1996). However, shoot and
root growth were affected by soil and foliar Zn applications in similar ratio as indicated by the
linear positive relationship between shoot and root dry weight in Figure 3.

Foliar Zn has been described as an efficient method of delivery of the nutrients to the plants,
as it allows rapid absorption into the inner cell layers of the leaf and other organs (Ganapathy,
Baradhan, and Ramesh 2008) by diffusion through the cuticle, transportation through the cell
wall and finally movement through the plasma membrane by active transport (Tejada and
Gonzalez 2004). The complex chemistry of flooded soil that limits Zn availability for plant uptake
would explain the relative ineffectiveness of the soil Zn application compared with foliar Zn
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Table 3. Zinc concentration in young leaves and roots of rice seedlings grown in different soil Zn treatments with and with-
out foliar zinc at the rate of 0.5% ZnSO, 7H,0.

Youngest leaf Zn concentration (mg kg~')

Soil Zn (mg kgq) — Foliar Zn + Foliar Zn Mean
0.00 15.0+£0.7 14.0£0.5 145b
0.02 10.8+0.9 14315 134 b
0.10 9815 11.5£2.0 106 b
0.50 9.8+0.4 13.8+4.0 11.8b
5.00 220+7.5 238+73 229 a
Mean 135 15.5
Soil Zn (mg kg™ Root Zn concentration (mg kg~") Mean
— Foliar Zn + Foliar Zn

0.00 1485+ 12 1343+ 11 141.4
0.02 1915126 156.0+8 173.8
0.10 172.8+12 133.0+6 152.9
0.50 165.5+21 1275+14 146.5
5.00 173.0+5 132.5+6 152.8
Mean 1703 A 136.7 B
F-test Youngest leaf Root

Soil Zn * ns

Foliar Zn ns *

Soil Zn x Foliar Zn ns ns
CV (%) 40.8 19.3

Data were log, transformed before analysis of variance. Values are mean + SE.

*Indicates significant difference at p < .05.

Different lowercase and uppercase letters indicate significant differences of Zn concentration in the youngest leaf between
treatment means of soil Zn application and Zn concentration in the roots between treatment means of —foliar Zn
and + foliar Zn at p < .05, respectively.

(Alloway 2008; Mabesa et al. 2013). Foliar Zn application has been shown to be especially effect-
ive when spaying directly on the target organ, e.g., on the inflorescence of fruit trees before
anthesis to improve fruit set (Swietlik 2002) or on the fruit or spike after flowering in order to
increase Zn concentration of the seed or grain (Cakmak 2008; Zhang et al. 2010; Phattarakul
et al. 2012; Boonchuay et al. 2013; Ram et al. 2016). No information is available concerning the
critical Zn deficiency concentration in roots of rice or other plant species because of risks with
soil Zn contamination and difficulties to remove the contaminated or adsorbed Zn through wash-
ing methods (Strasser, Kohl, and Romheld 1999). The very high Zn concentrations (above 100 mg
kg™") in the roots (Table 3) indicate clearly that Zn contamination of roots from soil particles
deposited within root apoplasts and could not be washed and removed as known for Fe (Strasser,
Kohl, and Romheld 1999). Therefore, concentrations of Zn and other nutrients in soil-grown
roots should be carefully evaluated. A previous study highlighted that Zn, labeled with %°Zn,
applied to leaves of wheat grown in solution culture was found to reach the root tips within 48 hr
(Haslett, Reid, and Rengel 2001), indicating that foliar-applied Zn moves through phloem to
roots. Zinc is one of the nutrients that can be remobilized in the phloem under the certain condi-
tions (Marschner 2012). As shown in Table 3, foliar Zn spray in case of some soil Zn treatments
improved Zn concentration of the new growth formed after foliar spraying which clearly shows
that Zn is phloem mobile and moved from treated leaves into youngest new leaves. For practical
purposes, a better growth of rice seedlings raised in Zn-deficient soil could be achieved quickly
by applying foliar Zn in combination with a soil application. Foliar Zn application can be also
helpful for better nutritional quality of rice grains. Published results showed that foliar Zn appli-
cations in rice significantly improved grain Zn concentration for a better human Zn nutrition
(Phattarakul et al. 2012). It is known that in many rice consumption countries in Asia, Zn defi-
ciency is a common nutritional problem in humans due to inadequate dietary Zn intake
(Cakmak and Kutman 2018). This would be a great knowledge to minimize the occurrence
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problem. Increasing of rice genotype is requiring for further understanding and confirming the
results in this study.

Conclusion

Foliar Zn application to plants grown in soils with low Zn supply was effective in improving
growth and Zn concentration of youngest leaves (i.e., new growth following foliar Zn spray).
Considering the current study and also published results, it can be concluded that Zn is phloem
mobile in rice. It is also very clear phenomenon that roots are less sensitive to low Zn than the
shoots which may indicate importance of foliar Zn nutrition in rice.

Funding

This study has been financially supported by the HarvestPlus Program (www.harvestplus.org), the Thailand
Research Fund (RSA6080024) and Chiang Mai University, Thailand.

References

Alloway, B. J. 2008. Zinc in soils and crop nutrition. Brussels/Paris: International Zinc Association/International
Fertilizer Industry Association.

Alloway, B. J. 2009. Soil factors associated with zinc deficiency in crops and humans. Environmental Geochemistry
and Health 31 (5):537-48. doi: 10.1007/s10653-009-9255-4.

Boonchuay, P., I. Cakmak, B. Rerkasem, and C. Prom-u-Thai. 2013. Effect of different growth stages on seed zinc
concentration and its impact on seedling vigor in rice. Journal of Soil Science and Plant Nutrition 59 (2):180-8.
doi: 10.1080/00380768.2013.763382.

Broadley, M. R,, P. J. White, J. P. Hammond, I. Zelko, and A. Lux. 2007. Zinc in plants. The New Phytologist 173
(4):677-702. doi: 10.1111/j.1469-8137.2007.01996.x.

Cakmak, I. 2000. Possible roles of zinc in protecting plant cells from damage by reactive oxygen species. The New
Phytologist 146 (2):185-205.

Cakmak, I. 2008. Enrichment of cereal grains with zinc: Agronomic or genetic biofortification? Plant and Soil 302
(1-2):1-17. doi: 10.1007/s11104-007-9466-3.

Cakmak, I., and B. Kutman. 2018. Agronomic biofortification of cereals with zinc: A review. European Journal of
Soil Science 69 (1):172-80. doi: 10.1111/ejss.12437.

Cakmak, I, and H. Marschner. 1993. Effect of zinc nutritional status on activities of superoxide radical and hydro-
gen peroxide scavenging enzymes in bean leaves. Plant and Soil 155-156 (1):127-30. doi: 10.1007/BF00025000.
Cakmak, I., N. Sari, H. Marschner, M. Kalayci, A. Yilmaz, S. Eker, and K. Y. Giilit. 1996. Dry matter production
and distribution of zinc in bread and durum wheat genotypes differing in zinc efficiency. Plant and Soil 180 (2):

173-81. doi: 10.1007/BF00015300.

De Datta, S. K. 1981. Principle and practices of rice production. New York: John Wiley and Sons.

Dobermann, A., and T. H. Fairhurst. 2000. Nutrient disorders and nutrient management, 192. Singapore: Potash
and Phosphate Institute, PPI of Canada and International Rice Research Institute.

Fageria, N. K., V. C. Baligar, and R. B. Clark. 2002. Micronutrients in crop production. Advances in Agronomy 77:
189-272.

Forno, D. A,, C. J. Asher, and S. Yoshida. 1975. Zinc deficiency in rice: II. Studies on two varieties differing in sus-
ceptibility to zinc deficiency. Plant and Soil 42 (3):551-63. doi: 10.1007/BF00009942.

Ganapathy, M., G. Baradhan, and N. Ramesh. 2008. Effect of foliar nutrition on reproductive efficiency and grain
yield of rice fallow pulses. Legume Research 31:142-4.

Haslett, B. S., R. J. Reid, and Z. Rengel. 2001. Zinc mobility in wheat: Uptake and distribution of zinc applied to
leaves or roots. Annals of Botany 87 (3):379-86. doi: 10.1006/anbo.2000.1349.

Impa, S. M., and S. E. Johnson-Beebout. 2012. Mitigating zinc deficiency and achieving high grain Zn in rice
through integration of soil chemistry and plant physiology research. Plant and Soil 361 (1-2):3-41. doi: 10.1007/
s11104-012-1315-3.

Kutman, B., B. Yildiz, L. Ozturk, and I. Cakmak. 2010. Biofortification of durum wheat with zinc through soil and
foliar applications of nitrogen. Cereal Chemistry 87 (1):1-9. doi: 10.1094/CCHEM-87-1-0001.


https://doi.org/10.1007/s10653-009-9255-4
https://doi.org/10.1080/00380768.2013.763382
https://doi.org/10.1111/j.1469-8137.2007.01996.x
https://doi.org/10.1007/s11104-007-9466-3
https://doi.org/10.1111/ejss.12437
https://doi.org/10.1007/BF00025000
https://doi.org/10.1007/BF00015300
https://doi.org/10.1007/BF00009942
https://doi.org/10.1006/anbo.2000.1349
https://doi.org/10.1007/s11104-012-1315-3
https://doi.org/10.1007/s11104-012-1315-3
https://doi.org/10.1094/CCHEM-87-1-0001

JOURNAL OF PLANT NUTRITION 1267

Kutman, U. B., B. Yildiz, and I. Cakmak. 2011. Effect of nitrogen on uptake, remobilization, and partitioning of
zinc and iron throughout the development of durum wheat. Plant and Soil 342 (1-2):149-64. doi: 10.1007/
s11104-010-0679-5.

Mabesa, R. L., S. M. Impa, D. Grewal, and S. E. Johnson-Beebout. 2013. Contrasting grain-Zn response of bioforti-
fication rice (Oryza sativa L.) breeding lines to foliar Zn application. Field Crops Research 149:223-33. doi: 10.
1016/j.tcr.2013.05.012.

Mandal, B., G. C. Hazra, and L. N. Mandal. 2000. Soil management influences on zinc desorption for rice and
maize nutrition. Soil Science Society of America Journal 64 (5):1699-705. doi: 10.2136/ss52j2000.6451699x.

Marschner, P. 2012. Marschner’s mineral nutrition of higher plants. 3rd ed. Amsterdam: Elsevier/Academic Press.

Phattarakul, N., B. Rerkasem, L. J. Li, L. H. Wu, C. Q. Zou, H. Ram, V. S. Sohu, B. S. Kang, H. Surek, M. Kalayci,
et al. 2012. Biofortification of rice grain with zinc through zinc fertilization in different countries. Plant and Soil
361 (1-2):131-41. doi: 10.1007/s11104-012-1211-x.

Prom-u-Thai, C., B. Rerkasem, A. Yazici, and I. Cakmak. 2012. Zinc priming promotes seed germination and seed-
ling vigor of rice. Journal of Plant Nutrition and Soil Science 175 (3):482-8. doi: 10.1002/jpln.201100332.

Quijano-Guerta, C., G. J. D. Kirk, A. M. Portugal, V. I. Bartolome, and G. C. McLaren. 2002. Tolerance of rice
germplasm to zinc deficiency. Field Crops Research 76 (2-3):123-30. doi: 10.1016/50378-4290(02)00034-5.

Ram, H., A. Rashid, W. Zhang, A. P. Duarte, N. Phattarakul, S. Simunji, M. Kalayci, R. Freitas, B. Rerkasem, R. S.
Bal, et al. 2016. Biofortification of wheat, rice and common bean by applying foliar zinc fertilizer along with
pesticides in seven countries. Plant and Soil 403 (1-2):389-401. doi: 10.1007/s11104-016-2815-3.

Rehman, H., T. Aziz, M. Farooq, A. Wakeel, and Z. Rengel. 2012. Zinc nutrition in rice production systems: A
review. Plant and Soil 361 (1-2):203-26. doi: 10.1007/s11104-012-1346-9.

Reuter, D. J., and J. B. Robinson. 1997. Plant analysis: An interpretation manual. 2nd ed. Collingwood, VIC:
CSIRO Publishing.

Sharma, B. D., P. N. Takkar, and U. S. Sadana. 1982. Evaluation of levels and methods of zinc application to rice
in sodic soils. Fertilizer Research 3:161-7. doi: 10.1007/BF01082975.

Slaton, N. A., C. E. Wilson, S. Ntamatungiro, J. N. Richard, and D. L. Boothe. 2001. Evaluation of zinc seed treat-
ments for rice. Agronomy Journal 93:157-63.

Strasser, O., K. Kohl, and V. Romheld. 1999. Overestimation of apoplastic Fe in roots of soil grown plants. Plant
and Soil 210 (2):179-87.

Swietlik, D. 2002. Zinc nutrition of fruit trees by foliar sprays. Acta Horticulturae 594:123-9. doi: 10.17660/
ActaHortic.2002.594.11.

Tejada, M., and J. L. Gonzalez. 2004. Effects of foliar application of a byproduct of the two-step olive oil mill pro-
cess on rice yield. European Journal of Agronomy 21 (1):31-40. doi: 10.1016/S1161-0301(03)00059-5.

Tufail, A,, H. Li, A. Naeem, and T. X. Li. 2018. Leaf cell membrane stability-based mechanisms of zinc nutrition in
mitigating salinity stress in rice. Plant Biology 2:338-45. doi: 10.1111/plb.12665.

Von Grebmer, K., H. Fritschel, B. Nestorova, T. Olofinbiyi, R. Pandya-Lorch, and Y. Yohannes. 2008. Global
Hunger Index. The Challenge of Hunger 2008. Dubin: Deutsche Welthungerhilfe, International Food Policy
Research Institute, and Concern Worldwide.

Yilmaz, A., H. Ekiz, B. Torun, I. Gultekin, S. Karanlik, S. A. Bagci, and I. Cakmak. 1997. Effect of different zinc
application methods on grain yield and zinc concentration in wheat grown on zinc-deficient calcareous soils in
Central Anatolia. Journal of Plant Nutrition 20 (4-5):461-71. doi: 10.1080/01904169709365267.

Yoshida, S., G. W. McLean, M. Shafi, and K. E. Mueller. 1970. Effects of different methods of zinc application on
growth and yields of rice in a calcareous soil, West Pakistan. Soil Science & Plant Nutrition 16 (4):147-9. doi:
10.1080/00380768.1970.10432832.

Yoshida, S. 1981. Fundamentals of rice crop science. Los Banos: International Rice Research Institute.

Zhang, Y. Q., R. L. Shi, M. R. Karim, F. S. Zhang, and C. Q. Zou. 2010. Iron and zinc concentrations in grain and
flour of winter wheat as affected by foliar application. Journal of Agricultural and Food Chemistry 58 (23):
12268-74. doi: 10.1021/jf103039k.


https://doi.org/10.1007/s11104-010-0679-5
https://doi.org/10.1007/s11104-010-0679-5
https://doi.org/10.1016/j.fcr.2013.05.012
https://doi.org/10.1016/j.fcr.2013.05.012
https://doi.org/10.2136/sssaj2000.6451699x
https://doi.org/10.1007/s11104-012-1211-x
https://doi.org/10.1002/jpln.201100332
https://doi.org/10.1016/S0378-4290(02)00034-5
https://doi.org/10.1007/s11104-016-2815-3
https://doi.org/10.1007/s11104-012-1346-9
https://doi.org/10.1007/BF01082975
https://doi.org/10.17660/ActaHortic.2002.594.11
https://doi.org/10.17660/ActaHortic.2002.594.11
https://doi.org/10.1016/S1161-0301(03)00059-5
https://doi.org/10.1111/plb.12665
https://doi.org/10.1080/01904169709365267
https://doi.org/10.1080/00380768.1970.10432832
https://doi.org/10.1021/jf103039k

	1
	2
	Accepted ms_Yameungmorn et al_2020
	Chanakarn Dr Accept Letter
	JSFA
	JSSP-D-20-00314
	Juntakad et al__2018
	Khampuang et al_2019
	Kongpun et al._2020
	Phuphong et al_2018
	Phuphong et al_2020
	Abstract
	Introduction
	Materials and methods
	Soil Zn application and plant culture
	Foliar Zn application
	Sample collection and Zn concentration analysis
	Data analysis

	Results
	Shoot and root dry weight
	Zn concentration in young leaf and root

	Discussion
	Conclusion
	References



