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ABSTRACT

Received: 14 November 2023

Climate change, one of humankind’s major challenges, has caused drought to become more
Revised: 1 December 2023

frequent in recent years, and these drought conditions have negatively affected crop production by
Accepted: 4 December 2023 jecreasing the availability of soil water to plants. Therefore, efficient soil moisture management is
essential, and adding soil amendment is considered one of the best management practices.
Recently, hydrogels have gained attention as potential soil amendments in agriculture because
they can improve soil structure and water-holding capacity due to their hydrophilic properties.
Hence, the current study was carried out to examine the effects of laponite-contained hydrogel
(LHD) application on soil characteristics and lettuce yield under field conditions. The LHD was
applied to upland soil at four application rates (0%, 0.25%, 0.5%, and 1% (w/w)), and lettuce was
subsequently cultivated for seven weeks. Applying 1% hydrogel increased soil water content by
94% and decreased soil bulk density by 22%. Also, hydrogel applications significantly improved
the soil’s biological properties, such as 3 -glucosidase, phosphatase dehydrogenase, colony-forming
unit, and soil respiration. The highest dry-weight lettuce yield was observed from soil that
received 1% hydrogel, which was attributed to improved soil physical and biological properties.
Furthermore, it reduced the impact of drought stress, as evidenced by the reduced proline
accumulation in lettuce. Thus, LHD can be used as a soil amendment in agriculture.
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A2 2 pedsta ols) A AR 2 2kl 71akaAr] HlE s} 27181 QJtHD’ Amato and Akdis, 2020).
—oralural*)ﬂ/ﬂl:-— A7Vl et Rl 9l 2] 717ho] Hslslal 9lom, 55| 5o 0uh £ WA et Rlert
TS 70l e FAIOIHH(Ho et al., 2023). ©] & ZH HA A4 M1 o] Tl 7hHa 2 ke 712 ©]
o 4= qlom, 7Rgo] WAsk= 2| oo]l YA F A= B F50 = QI AHE AAato] fash| HaL o=
mat offa} ZAA), AFsA BAlE 2t 4= QIrk(Kim et al., 2022a; Saha et al., 2020).

7he2 AFE ESfo] & RaLsh= A HoflA ARt wAPEHE 4= et ol AME Efo] o] A T =

Al doluf 2 H {53 0] 7] tliZo|th(Baiamonte et al., 2019). Cho et al.(2012)2] Aol = -2} 57
S Eoll wh 2fol7 | AR ' =] 80 - 90%7 F AKF AT AR S| B 0 2 HATslgint.
s sl weAQ i e == a6l 4, Vet e e EReE B S EY R
BA= ARSI tH(Gao et al., 2014). &Lt E@] o 25l 22 S2AE BE2 ARl k= B2l
= DA ZAe} Hzo] Bl Ealism nplERtAE o] RAEHA BT ofet M2

SAEA7} =1 Itk Machado et al., 2018). o2t H-S 25}6h7] 9ol | Zoll= EoFe] $-EH .G =85 SR
A5 S= ]’ |24}, sto| =224 Stk -2 ooket AAfjof] thet A7 7138 %] 31 It Mohawesh and Durner, 2019).

ECRe HA-2Z(SAPs; superabsorbent polymers)Q] SFO|E2 7212 %71 Z=F tiH] 400 - 1,6004H0]] Bol=
=g —E—*r%‘ = o] EPNEAR 885t A7 B3| o FofA|L Uth(Adjuik et al., 2023; Ahmed, 2015;
Mohawesh and Durner, 2019). Slo|=2 218 Eoof| A2|d A| 8AULE A7 1, thaAT SEE G 58
S7MN71e T B Ee/d& 7IAAIA 2haE Aol ARt 22 248 o Ith(Akhter et al., 2004; Basuki et
al,, 2015). o|2fet sfo|=E 20| e 7| 9 R H-{-5 2 53 Git= 7ol ot A2 o] R AEAE A
& 4 U= T F SHHE A AZITHGuo et al., 2020).

SER]9E 7]E0] sto]E =72 FAdo] ofg It o2} Bkl A 2|A] 43| Zall=]7] uflizell el AFeE HE:
H(acrylic acid, polyacrylamide 5)°] EEHA iR 842 ZA(54, o 5)7HIAAT 4= ik webA] o]
S dstr] sl stol==2 A4t Al eIt aEd o] go] 8% 4! §lTK(Song et al., 2020). A SF%Ist
Aol AeEA 2 HE L2 efZLo]E, HlELo]|E So] E-85|11 Qlom(Lj et al., 2023), ©] & BEUO|ES
Hho 2 oMt sto| ER AL 7|E0] sfo|ER A Wtk 52 QUL oF 4154 et of 2 R A2 QIS -2
T} 22 QR kol toA & S AR A o= oA § "4‘((}30 etal., 2021). ©] & ¢ OH 2R E 79t slolE=

Z(laponite hydrogel; LHD)S E %] A2|slH EF & H G50 B2 7|o3E & 71 0 2 =L LHD A =] of
£ EYO B4 vislel A= Agof et A+l FE Aok

mEpA] 2 A S| E sto| ER A5 AR Bl A2lstie o E 54 Halet 2= ASof vi7]
= AP, ETNEA 2 0] B8 71 -2 B7 ot At 435ttt

mlm it
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Az A AL L 244 (37.9°N 127.7°E)°] 9125t ZA-doistal F9sAolA] Ssstsdet. A7
20221 09 27L4FH 119 072(75)7HA] Z3B= oM, dVdA] 9] Bt 2=
B S 5.9 mmOIATHKMA, 2022).

A AR 2R L O] E S0 | = 22 LHD; Nay 7[(Mgs sLio sSis) 2] ') GE|2t 13 .0 2 E] Al g gtof AL8S
R0 LHD A= A] 2f2Ho]Ef= 217 25 nm, =°] 1 nm 2] TIAE Z-8513tHKim et al., 2022b).

270 T2 LHD 2] $5-20.25%, 0.5% 2 1%(w/w) 2 2215191, B 20 cm Zolof A2)stsiet. 2+ 4]
27 HA2 1 m’(1 m x 1 m)2 YR He]| efote] 39k uiz[oFiTt. e Al k= B o]3tsH] £X4(Table 1)
of| whe} NPK AJH|ZRS AHE510] @4 12kg 102, 8491H] 13 kg 10 2™, SAEEE 4.8 kg 10 a2 7]H] A 2]513Th

2022'd 09 279l BE A Aloto] 4947 Al = 119 07 Loll S=El5t3Ant. AE Aol ARt 2HE-2
(Lactuca sativa L) 2] 712] 30 x 30 cm & 49U KA 0™, 2|71 10 LB 13] 198 & 24 7390
OJEsIt.

(e]3

o} d

=

tm

HI

B2 35 A & AfiFfste] 17 SollA S5k, ©1%- 2 mm(10 mesh) A|AF51e] E ol L&l X wuo
Hpsto] ZA o ARSI A=A BA1E Q1R A EY Al A5 SA4] 4°C otz W E sto] A4 of AL
-B5k3ich

EO] 503 EAL w2840 EY 2 AlEA| ARl &5to] 4-385HATHINAS, 2000). EAJ2 Bl &
A1A)(95% sodium hexametaphosphate(NaPO;)s + sodium carbonate(NaCO;)E 7Ioh= HISAH O 2 =453
82U % (bulk density; BD)= F1-E 82}5] ok= core S A5 Tl coreoll EG-E AFIeHF105°C = 16
|7t oV 55 core @] TS core&] Fo] 2 Lo} ARISIAT:. RS coreo]] et o] Q= B A A

Zup A% 5 5%0) Bl ARSIk ol A (1) ek water filled pore space S AHESHALY.

o)

>~

Soil water content(%)/100
1—(bulk density/2.26)

X 100 e)
Eoye] sa S4e SEUTHE) B ol Zoko] 2 AHITHNAS, 2000). B9 pHE} H/ A
(electrical conductivity; EC)«= X EY} S5 1:5(w/v)e] HIERE &3toto] 3087F X9 3 pH/EC meter

(Thermo-Orion, Orion Star A215, USA)Z =253t} 5-71=(soil organic matter; SOM)-2 Tyurin ¥ 336

Table 1. Physicochemical properties of the soil used in this study

pH EC SOM Avail. P,Os CEC
- dSm’ gkg! mg kg! cmol, kg’
5.5+0.02 0.3+0.1 13.9+0.3 221.4+372 59+0.2 Sandy loam

Soil Texture
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K,CrO;2 AFSIeE § o8-S UV/Vis spectrophotometer(UV-1280, Shimadzu, Japan)Z S5t} a4kt
(Available P,Os; Av. PsOs)< Bray No.1 o2 FE5}10d SnClLoll o3t 28|25l X o 2 HRHAIA UV/Vis
spectrophotometer= =45t} WeHY Fol-2(Exchangeable cation; Exch. cation)2 EFl 1 N Ammonium
acetate(pH 7.0)= 1:5(w/v) 2] HE&2 2315t wHE 5 of wksto] [CP-OES(ICAP Duo6300, Thermo, USA)E Ca, K,
MgE Aot ool 2w 3k Exchangeable cation capacity; CEC)-S WEH] 9Fol-2(Exch. K, Ca®*, Mg™") &
Lot ol o] pHE AFESHTT

EFo] AESHA EA] - phosphatase= Tabatabai and Bremner(1969)7F A A|SH Bl of| it A E 1 go]] 0.25 mL
toluene, 4 mL p-nitrophenyl phosphate 2! 4 mL modified universal buffer(MUB, pH 6.0)& 375t 37°CollA] 14]
ZF5<HEIF 2, 4 mL 0.5 M NaOH2}t 1 mL 0.5 M CaClL S 71l o3 F o8-S UV/Vis spectrophotometer = H]
Al kst [ -glucosidase=Hayano(1973)7F AA|RH R w2t AU E 1 go]] 0.25 mL toluene= 47 15H 5 152
WHSFECE WHE S 4 mL MUB 2} 1 mL p-nitrophenyl- 8 -D-gulcoside 8282 3713} 5 37°Coll A 1 A7 52T vljF
SHCE HlQF 2 1 mL 0.5 CaCL2t4 mL 0.1 M THAM(pH 12)& 375k, ojit § ofH-& 400 nmof|A] UV/Vis
spectrophotometer 2 H|A ZJZF5}1Itt, Urease ™ Kandeler and Gerber(1988)2] 24 o] w2t EetATo SES g
F15F17 79.9 mM Urea 2.5 mLE 0] 4lo]= - 37°CollA] 2417 Wi, 0] F 5/7->2.5 mL + KC1 50 mL 37}
2+ H 30E7F wytsto] of sttt of kel 1 mLet9 mL D.W + 5 mL Reagent A(0.3 M NaOH 100 mL + Sodium
sahcylate solution 100 mL + 3-75* 100 mL) + 39.1 mM dichloroisocyanurate solution 2 mL-E test tube®]] ‘2] 4]

& § 3087 wHkskal UV-Vis spectrophotometer® I 690 nmof|A] HIA] HEFs3tt. Dehydrogenaset
Rossel and Tarradellas(1991) 4] e} 5E 20 g7 CaCO; 0.2 g2 2351 6 g 37]2] Al@ o] EF st &
3% TTC(2,3,5-Triphyenyl tetrazolum chloride, TTZ) A]°F 1 mL2} 5-742.5 mLE 7ol 2|92 Aol=3ich
FHS] AL T YFE UESHL 37°COl A 24 A7 Bl9F & methanol 10 mLE 7}5F & 12 wHksHct Ea4~3 ¢
T2 EAH O ® 22 funnel-S 50, ZHE2 oSt PR Hof| 21452 © & methanol-S @15 100 mL 341
5, UV-VIS spectrophotometer = IF3 485 nmol| 4| H]A AEFolict. EQF 3852 Anderson(1982) 2] BAR-S %
16}04 HE 50 g2 300 mL bottle®]] 'E-2 $-0.5 M NaOH 10 mLE 22 15 mL glass vial S 300 mL bottleol] $]2]A]
A a3t 3 25°CoA] 7241 vkt BiYF & vialoll E01%+= NaOH 84S 100 mL HIAZ &1 &
phenolphthalein(99% ethanol 90 mL + D.W 10 mL + phenolphthalein 0.1 g)2 1 — 2582 E31, ApAjojx A0 2
Hatofj7k2] 1 M HCIZ 25T}, 71 % bromocresol green A|9FS2 — SH-2-2 117 Fg o] 4] 41 © &2 WS nfj7}

2] 0.2 M HCIZ ZA5}3tt, o|uf|, AR AAakS o]-8-510] CO, 2] & ARSI Colony forming unit(CFU)+=
Chander et al.(2005) 245 ©2} 50 mL conical tube®ll 5 E 3 g= Fokal Bl 57427 mLE 2ol50] 1027+

Zgsto] 12} 5] TSIt 19 12} 3]49 0.1 mLE TF2 50 mL conical tube®]] FgH & B 5F59.9 mL

£ go] X"t F 34 M 0.2 mLE tryptic soy agar HiA|of| FE2t T 25°CollA] 24A17F vlFsITT.

Al
AF=42t § 2= AIET & 422 T50| Aot s =79 F160°C dry ovenoﬂjﬂ 3 Ax
A1 F AFFS =25 Leaf-proline(L-proline)< 2FE0] -2 AEHAE §HOH Qlof| A &= 222 LHD

=
A7} ZFEe] 45 AEF|A Ffl4o] n]x] = FIEE eI 4= Q= 5 Q9 X Io|thWang et al., 2022). L-proline
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FE:

Ho SR IFE AlA & AAIAA R F A F 24foto] Bates et al.(1973)7F Al A gH2A H of| whaf 2451
54 Bt A5 A= 1 gl 3% sulfosalicylic acid -8 10 mLE 37151 2441759 Akeof| WA g % o 7}A]
(Whatman No. 42)= ofast3ich. {7l | mLE Aol w71 & 99.8% glacial acetic acid -8 1 mL2}4.2%
ninhydrin reagent 1 mLE 375kl Al@ahE WHlsto] 100°C 2] = EollA 1417 52F RESAIX] 5 21°C 9] /2
oA 527 EFR]oFITY. o] F A3l 99.7% toluene 2 mLE F7Fote] 20% &<t Wit & A0S Ff 520 nm T}

ZFollA] UV/Vis spectrophotometer= =73 5}ct.

o

Sl
LHD Hz|7} EoFe] EAJ0]| u2li Ja vlws}r] $1510] SAS 9.4(SAS institute, USA)S ©]-85}0] Luf%]
BAREA(One-way ANOVA)S 18861911, AFEHA-L Duncan testS 53l P < 0.05 F50l4] S8 whstoic.

EFo] 28 EAS B4R 23 LHD A @] S71etel wiet Eo] 8D e o -Fatol f-o14 Wahrt gl
= 222 UERITHTable 2). Durovié et al.(2012)+= AFE Egfo]| sto|E2 23 A ejet At §4 U7} 27% 34
Sh= A o2 Hilstg.on, H Aol S U= FA] 2ol A 1.56 g cm™ < A LHD 0.5%, 1% A 2]-llA]
138 gem™, 1.22 g em™ 2 & 72} 12%, 22% A5 o= B33 551 slo| =2 A o] Wizt -2 wpgo] Wt
EEHA EG 359 SVt o| 2 QI S AU 7t 7HAchs A 0 2 k) six|gh E9Fe] ST 1§
35 3¢ 2= Al @518 RAAQ1 G mE = )1al(Blanco-Canqui, 2017), Jaggi et al.(1972)«= L 752
1.1 gem® o]otd wf WA /o] WEslr] Zopy| figo = gt whabA 2 A4t EFo] LHDE 1% ©]
& Aelobd EFo] §AEL AR ol A= el Eugt A7E 2T o ols Ao = .

40 A a a
i\i ab T T
-5
. I
30
§ T
=3
2.
=
=
= 20
e
5
=
z
10 1
0 T T T T
Control 0.25 0.5 1

Hydrogel rate (%)

Fig. 1. Changes in water-filled pore space of soil by laponite hydrogel application rate after lettuce cultivation.
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Table 2. Variation in physicochemical properties of soil after lettuce cultivation as affected by laponite hydrogel
treatment

: Exch. Cation
Applicationrate ~ BD D01 ATy EC SOM  Avail. P-Os )
3 content ¥ g cmol. kg
% gem 0 - dSm % mg kg
% K Ca Mg

Control 1.56a 8.53a 5.6a 0.4ab 1.54a 144.3b 0.44b 3.2b 0.74a
0.25 1.52ab 10.31a 5.2a 0.5a 1.58a 230.9a 0.53a 5.4a 0.55b

0.5 1.38bc 13.94b 5.5a 0.3b 1.27a 146.5b 0.37a 4.5a 0.63ab

1 1.22¢ 16.55b 5.3a 0.4b 1.38a 165.4ab 0.41b 2.6b 0.57b

27.9%°]3%, LHD 0.5%, 1% #2714 36.0%, 36.3%= LHD #2|#o] @2 Zlsk= 73S YERch
Hiittermann et al.(1999) T3 AF2 EoFof| lo] =2 212 0.4%(w/w) A2]5tES T & E=nAPAE 5202

SR S/ Hasiort

- T 2ol LHD A2 A| EFe] 2Feta] £/40-2 Aejot 1ot 2fol 5 Kol 2] ¢fjko ™ (Table 2), o= 4

AL A AR S E1et 4= Q1 ItH(Jeevan et al.,2023; Orikiriza et al., 2013; Ritonga et al., 2019). 5}4]

Tk 5 A Aol A= stolER27 227} pH, EC E W] ol gl ks = A= K vf gk

(Jeevan et al., 2023; Saini et al., 2020). ©|i= 5to| E2 0] ARG E = HmEdou o Wi o] et Eefr]= sto]
o

Zt 22718 LHD A 2=l mh2 EQFo] A=t B4 ’H3l= Table 3]l HEFALY. ©] & phosphatase = ]2+
4] 1% LHD A2 EFelA 18% S7I5h= Zha Q12 4= QSN Liu et al.(2013)+= phosphatase”} =42 -84
Lo} S0l ARRHAI S YFERHATHA B 11519 0, Sardans et al.(2006)2 EF-E-9tat oFo] AEAlE Yepdch
1 Hstgiet whEbA 2 dAtollA ke LHDA 2lo]| whE EqFe] 8- 7140t EQRRole T71= Q1o Ee]
phosphatase”} S7}oh= 71 0 &2 Tt

Lozano et al.(2021)+= 7F& 2300 ez EF HollA] B-glucosidase /0] 35% ASHATH! HAlst=d|,
2 Aol A= LHD 0.25%, 0.5% 1% A 2]7= F4]=25 tiH] B-glucosidase B-5°] 24.4%, 8.4%, 30.8% 57}
SIH:. ol= LHD A2]|7o] Eeld S71= f-glucosidase o] B/d0] T7Isk= 2 082 ek}, o] oo
dehydrogenase’=F-#|2]7 tH] LHD 0.25%, 0.5% 2 1% 25132 wf 1.9 - 3.74] Z7}slsd=t, ole} 72 Ax}
I EoFo] £Hlek) ¢dyto] Qli= 71 © & K eIt A2 Borowik and Wyszkowska(2016)2] 1L Aajol| A= E9F
EEol 15 B tH] 20% &= ™ dehydrogenase 2] E-5°] 11.6% 57 15IH:. SHART EY 2 o S71=
urease S/} O] FTIAIE HRIth= 488 A7 Abay et al., 2022) 2h= g2 2 Aol A= A2l urease
SeFe] f-oJ3t 2ol g EkekA] Zolelth

EG S5 LHDE 1% A2Jstgta w 74127 thH] 57% 5715k oM, o= EY 2ol 5718 4d %9

=
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Table 3. Changes in biological properties of soil after lettuce cultivation as affected by laponite hydrogel treatment

Application rate Urease B -glucosidase Phosphatase ~ Dehydrogenase CFU Soil respiration
% mgNg'2h! umol PNP g umol PNP g ug TPF g *10° mg kg day™!
Control 1.33a 7.50c 6.70b 3.95¢ 106b 96.80b
0.25 1.24a 9.33ab 6.74b 7.34c 433a 110.81ab
0.5 1.16a 8.13bc 8.00ab 11.00b 493a 116.68b
1 1.10a 9.81a 8.15a 14.54a 480a 152.21a
20 14
[ Fresh weight
—o— L-proline T
Fi2 ~
15 4 k)
c b 2
En k10 é.
; 10 §
- :
5 T 5
L6 -
0 T T T T 4
Control 025 0.5 1

Hydrogel rate (%)

Fig. 2. Laponite hydrogel treatment affects dry weight and lettuce leaf proline content.

AAE QIo) B U] v o] £5) 39 GTS P7] 0 2 BETkHuang et al, 2022). CFUL F42]
o] LHDE Helohi vl E A2l o4 4] o} 371815iek. Tomadoni et al (202012 E<3°] alginate 7]
Slol = 2L so(wiw) HeISIghE u) %427 e Fgol, welelol, W] 47k 212t 28%, 30% 38% S5t

A, MPEEO] F7He AR A, AT B 87 AEd o] ik AR itk B shact,

Slo|=22 Xq{2|o]| [hE A2 4 3}

2 2@l A Aelt 4d50] e AR A3t Tl 2] TiH] LHD 1% A 2ol A Ad52] Aol oF 3.74]
=7 Ueldth(Fig. 2). o= LHD A= lsf| EYO] iHE A5 H EF 8484 S71= ol 4521 4
e 710 2 WekEth T3F LHD A2|go] 57} gofl wet 5= Ul L-proline 5] A4k 2l v
(Fig. 2). L-proline<> AWF2] 0 & A 50] A% 2h-8-5 Z45l= QIt= U A 2L O H(Reddy et al., 2015), X E
& 2730l A L-proline> A& ofl £2=]7] wiliZofl A1=0] 7k AEH A QI2kz &-8-2 4= UTH(Claussen, 2005;
Van Heerden and de Villiers, 1996). Arteaga et al.(2020)2 AZ AEHA 214 stoll Fa A5 Phaseolus vulgaris
L2357 Aot wf 1% AE AT} Gl 271 thH] Ad5=2] L-proline 3&©] 252} 31.67 umol ¢! DWOIIA]
86.61 pmol g DW= 273.5% 7 FolSirh A0 2 2 A-prollx] Egfe] A2jgt LHD7 B $Rot3he S3IA
7|HA 2HE 0] HRAEY AT} E0E]1AL o] & Q15f L-proline ?teo] AAgt 21 0 2 L.

&

4> o
o

52

T
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QT 1A A 289 LHDS Eol HelAl £oFo] Be)- sfah B uats 54 watebaizo] 48] vl
o 2ASkIA elgict Hli LHquam =) siat S0 A G slpislor, 2904
% Qlglom], 420] BRNE 3
2 mSich, s 4 1 Aol ok uja} 2ol LHDS| Aelego] 31848 59 3185 2
A1 o] 92} 2 APl ot g v 2 ik wtebd 5 LHDe)
w2 Ek el et 977 BAd 208 ARt
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