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aarUsenaunan 3 @ tawn seiu (Level), wwnldu (Trend), wag
gan1a (Seasonal) fid
Lp = O (Ag = Seemm) + (1-O(Lg—1 + Te—1)
Te=PB Le - Leen) + (1-P)Te-1

Se= V¥ (At - Lp) + (1-V)Seem

Fesh = Le + AT + Steh-m

Level:
Trend:
Seasonal:

Forecast:

Ansdiwes a, B uaz y luaunisazgnivunlaenis
ﬂizmmmﬁmmzamﬁqﬂmumiaﬂ ATAIUAAIALAG BY LYY
RMSE (Root Mean Squared Error) TagTun153 Foi W e du
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WieUsziiiunn wngandsyuuogunToUAg

2. 35n1s3msevinvudend-1auiud (Box-Jenkins
Method %58 ARIMA)

nsIATEuudend-lauiud (Box—Jenkins Method)
wie7 3 9nduialulude uuudiass ARIMA (AutoRegressive
Integrated Moving Average) 10u38n1sTiAszvidoya 1Waaan
(Time Series Analysis) Aldfuagaunsuanglumsnensaidaya
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- AR (AutoRegressive): MsannegvatAtayalusfniasueAdagi
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- MA (Moving Average): mstianmanaedeulusfmnldlunmsnennsal
sUuuuhluveslaa ARIMA(p, d, o) asnsaidenlusy operator Igtired]
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1. n133vy3unuvluiaa (Model Identification) N3
m32980UINUAaA5EAT p, d, g Witla Tagld ACF way PACF
Hglunsdndula

2. M3UTEUIAINISETLAOS (Parameter Estimation)
T welafieada 19wy Maximum Likelihood %30 Least Squares
Tunsuszanue

3. A15M519@0UANNLMUNEANYRIlULAE (Model
Diagnostics) # 579 @8 U31A1AILNE ® (Residuals)
14ifi Autocorrelation wagdinsnszateuuun@

4. mswennsal (Forecasting) 1l aldluinadiivanzauuda
Seaunsaldlumswennsal Fisdatulueueeld
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Information Criterion) wag BIC (Bayesian Information Criterion)
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2. miﬁauimaam%aﬁaﬁ% Support Vector Regression
(SVR)

SVR dumadiafinesanain Support Vector Machine
dmsumsanaes Tnenerenamiteiduiivhiliamennsalifoe
aq'malwammmﬁ‘ffmum (epsilon-insensitive margin) Taed
Wmnglunmsanvuiaresanmesimin (jw]) WATAIUALAT
\Deauuilsensuls Tnefilsddutng fei

min| = |l + €3(6+£)
i=1

melddouly

yi - Wi + b) < € + §

(wixi + b) - yi < € + &*

&, & >0
dmsumsussdiulszans amuesudarlung §33el9H1 %0
19357U LA

- Andsnnuamaiadoudiysal (Mean Absolute Error:
MAE)

- infiaesvesAinanad euridaaesads (Root Mean
Square Error: RMSE)

S aduusedng nviua (RY (Coefficient of

Determination)
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(Test Set) tolinsuszifiufianundofie nadnanmaina
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Winters uay ARIMA 1 oUszifiu Usgdansnmdsszuulunis
nensalAuaT e
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aan waztluldlunisnensalveyalusuianlaag 19l

Uszdns an Tastamizifl edeyaddrduianazggniadu
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Monthly PM2.5 Concentration Trends by Province (2018-2024)
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Figure 1 Monthly Trends of PM2.5 Concentrations by Province (2018-2024)
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Distribution of Monthly PM2.5 Concentrations by Province (2018-2024)
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Bangkok Chiang Mai Khon Kaen Songkhla
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Figure 2 PM2.5 Concentration Distribution by Province (Boxplot, 2018-2024)
Table 1 Descriptive Statistics of PM2.5 Concentrations by Province (ug/m?)
Province Mean PM2.5 Min. PM2.5 Max. PM2.5 Std. Dev. PM2.5
Bangkok 38.79 18 68 13.88
Chiang Mai 30.30 7 106 21.96
Khon Kaen 31.36 11 69 12.93
Songkhla 17.68 11 39 4.23

NASUNEUD Figure 1-2 uay Table 1 L@MINISILATIEN
Joyard uazesd PM2.5 Teideulut il w.e. 2561-2567 Vs 4
Jar¥a lun nysnmannuas Jedvl veuunu wagawan wuitus
aviuiiidnunzaneduausgasudn felufudiods e
wsUsu uazunlunggna lasngammnuasiidiodegean
(38.79 pg/m?) TowAnrlunsgaluraeiud Fediniusfumsanasuag
Snwaizgfienmanuude Wodlmiugddaed 509891 (3030

pg/m?) usiilmaUsusIugega lneaduiazseAundn 100 pg/m?
Tuthsgguésinmsunluilas dmsuiminvouunuidede
IndiAsadsdlv (31.36 pg/m?) waikehiesndn Tnerd udunaunm
9nIAUAEAINTIIMSNTINYAT dauasariiAedesniign (17.68
ug/m?) uazAuUsUTIANan widmuadugaunsasuggusay
913ld s uNansEMUANATUTILNTILAY WltudInd13aev ouds
Yaduiameiuiifidmedonmnmenia ?}aﬁﬁaaﬂaméﬁﬁﬁmmﬁwﬁm
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8198 wonTWaLUUSIaeInITHeNsal PM2.5 Tidenad o
Usuvluwsiazniinineegausiug

daufi 2 mswauuasszdiudsEans ammussuuusaes
NeNIAIRILIS Holt-Winters uaz ARIMA

mstinsziaded 181935 nensaloynsuna 2 sUuuy
16 W35 Holt-Winters Exponential Smoothing k& ARIMA
(AutoRegressive Integrated Moving Average) Lﬁaﬂ’mu%mm‘haaa
wensalAy PM2.5 neifiou Tuwiaedmin laun nsawmavinuns
Wedlmld veuuny wazaswan lneudstoyadu 2 d fio 80 %

dwsunsiinlaea waz 20 % dmsunsnageu i eUszdumy
wiusmewuuiians Tngldamunainnd ourdsdeuad osn
(RMSE) Wunamilunmsilssuiieu mamsuseuieusuuuunas
Fova nsiseluduansnisioudiouaiaswazanfinennsalls
v94 PM2.5 s1eud euluun azdanda anns it 1ed waziula
wnlueiwuuasmensalliidnvarlngfestuaniduusas
231981 TngwuUsIans ARMA wanUszans nnd adiaueway
wiudnindmduyndamin
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Figure 3 Monthly PM2.5 Forecast Comparison by Province Using Holt-Winters and ARIMA Models

Figure 3 W3sulflgusgninaeluazeas PM2.5 Aals
A5efuaiinensallasuuusias Holt-Winters wag ARIMA Ty
adTeTn Wud nyaummumues Bodlvel veuuiu uazasan
NUIWUUTIE09 ARIMA SAnnuanunsatunishnauuwuiliuyes
ToyaaialalndiAeanituuusians Holt-Winters Tunnit ui
Tnstamzludmiaifidnvugdoyaiiuususiugs 1wy dania
Wedlmiuazvaunny @une1nsalved ARIMA a@u15aasaunIs
wasuwasesaulutisiavdongniaddyldusiuging Tu
Fmianganmamunsuazasan Gadeyaniu PM2.5 Suudliy
feutsnsfiuarimuiuniud wuusaessansannsaliua

wensaifilndifsatuAase agalsfiniu ARIMA Sanduansen
AIUAAIALAR BU (RMSE) TisnT1eg19asiaue dagiiauds
Uszdvsnmimioninludadelinna nenaniswisudiovd
wansliiiudnuuuT1ans ARMA tsnzaua nsun1suily
Ussgnaldivdoyardu PM2.5 luuSunvesdaninsiig q Tu
Uszwlne flesanaunsasuiiofuamududounazaiula
wiueuvesteyalafiniuuudiass Holt-Winters Tnsianizly
fufi i i auudsusiugend el dnvasdeyanuggniadilsl
wUUDU

Table 2 RMSE of Holt-Winters and ARIMA Models for Monthly PM 2.5 Forecasts by Province

Holt-Winters ARIMA
Province
RMSE MAE RMSE MAE
Bangkok 18.31 14.81 18.00 14.12
Chiangmai 24.14 17.41 32.19 24.53
Khon Kaen 8.83 6.52 10.42 8.52
Songkhla 4.23 3.14 3.24 2.28
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MnMsUsEiuUTE A MNUBILUUT a0 InenaluTu
du PM2.5 Tneld38 Holt-Winters uaw ARIMA Tuitufidnwisia 4
Janda laun nyannumuas Wedlvd veuwiu wavaswan wui
wuuaessaesdimannsalunswensalfiunnseiuluay
dnvnzvostoyaluudaziuil Tnefniswisufisudiaiiu
ﬂmmﬂéﬂ'auﬁ"m Root Mean Square Error (RMSE) ag Mean
Absolute Error (MAE)

- HANTIATIEVVDINTUNNUMIUAT WU Holt-Winters
way ARIMA Tiananueanindouiilndifissiu Tne ARIMA Tvin
AuRaIALAA outlaandudntios (RMSE = 18.00, MAE = 14.12)
\dlowfieuifu Holt-Winters (RMSE = 18.31, MAE = 14.81) uandli
Whineaesuuusiassannsanennsallaluszsuitlndidestily
Uumesdeyaiiluwilthuslbidausuggnia

- dusudaniadedlua wuatwuudnass Holt-Winters 3
AuusiugIgeninegadialau (RMSE = 24.14, MAE = 17.41) \ile
iU ARIMA (RMSE = 32.19, MAE = 24.53) so1aifiosanann
Toyaluiiuiididnvarggniaddaau Tnsaweasggunlugg
W& Holt-Winters sanansaduuuiliunazggnialafnid

- TurouwAy Luudnass Holt-Winters §3AIUAAIAIIY
usiugigendn (RMSE = 8.83, MAE = 6.52) iileiilsuiu ARIMA
(RMSE = 10.42, MAE = 8.52) uansl i udl susedns nnves
Holt-Winters lunisdnnisiudoyaffiuuilduuasuntasm
9n1a

- Tumenduiy Sminamaindunaniwaiivandie Tng
wuudraes ARIMA Teanumaalnd oufisnineenafitdodifny
(RMSE = 3.24, MAE = 2.28) Wil aLfleuriu Holt-Winters (RMSE =
4.23, MAE = 3.14) azﬁau‘[ﬁnﬁudﬂuﬁumaqﬁagaﬁlﬁﬁé’ﬂwmx
genafidaau ARIMA Gatfunsneinsalanauduiudidady
vosfeyaluefn annsavhaladvsyavsnmunnni

v

lagasyu nan1s3nsigduanaliiiudn nasidenld
WUUT1804ATRANTUNIINENWIaNEvestayaluldaz Y
mnteyaianuaizggniataiay 1wy Wedlnivseveuunu n1sly

a

Holt-Winters aglvnafiusiuginin luvagdidoyaitlsiddnvae
ganafiuiue Wy awan eramneAunsld ARIMA snnin
Fafunisidenuuusiassimunvani adudededrdalunis
Wannszuunensaifidussansnmluuiunvessafivnseinie

dauil 3 msuszgndlémadianisiFeudvaandes

n9ideiivszgndldimadaniasouvennios Idud
Random Forest ay Support Vector Regression (SVR) vile
WaLILUUTIa0aneInsalA1d uarees PM2.5 sneiiauly 4
Jandn Lo ngammumuns Weddnd veuuiu wazawan log
ANIUNITHIUNTEUIUNITIAT8UTOYA (Feature Engineering)
nsuenyateya NsENINE, NMIUTHRUNG WATNITUARAINANTS
wensaliUTeuiisuiuaase Ineldmuusdounds (Lag) Anade
18 oufi (Rolling Mean) waziiiou (Month) Wusauwusdase
(Features) wiautsutadoyaooniduyailn (Training Set) uas
yanaaou (Test Set) Inglddndau 80:20 1l eUszLiUAIIY
wiugesuuUsans Tuasdeadil

3.1 nixmumwaamaﬁﬂmiﬁejuimauﬂ%aa

LHUAMAIUA LA U uma uesn S UTY ALY
wadiansiFouiveaios L?Mﬁgal,wimsm?auﬁaga NN3AS196
wUsAaudnuaie (Features) MIuUsyntayadmsuilnuagnageu
Tuaa nastdenvaila wazn1suszidunaanslagldaindim
AAAAAY

3.2 wamsusziulszansnmvasluna

nanIsUSBuisuAALAaneE suTeusazlunaly
usazdaninuansliu Table 3

Input PM2.5 Data Feature Engineering
- Lag Featurss

Historical Time Series -

- Rolling Mean
- Montn

PM2.5 Prediction Machine Learning Workflow

— -

Train-Test Split

Train Models
* Random Forest
= Support Vector Regression

BO% - 20%
Model Evaluation Predict PM2.5
= RMSE - Generate Pradictions
* MAE on Test Set

- RMSE (Root Maan Square Emor): Measures prediction accuracy
+ MAE (Mean Absolute Emor): Aversge magnitude of prediction amors

- Models: Random Forest & Suppeort Wector Regression (SWR)

End-to-End Machine Leaming Fipsiine for PM2.5 Goncentration Forecasiing

Key Performance Indicators

Figure 4 Workflow for Applying Machine Learning Techniques in PM 2.5 Prediction
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Table 3 Prediction Error Comparison between Random Forest and SVR Models by Province

Province Model RMSE MAE
Random Forest 9.22 6.38
Bangkok
SVR 10.94 8.45
Random Forest 19.78 14.71
Chiangmai
SVR 29.18 21.48
Random Forest 6.51 4.98
Khon Kaen
SVR 7.78 6.11
Random Forest 2.40 1.63
Songkhla
SVR 2.50 151

Table 3 WAAIAIAINLARINLAG DU RMSE waz MAE 289
UUT1899 Random Forest Wag Support Vector Regression
(SVR) dmsunisnennsalanduazess PM2.5 Tuudazdsnin wa
A1531A5¥%3 91 Random Forest TArAuAaInLAG auRInIn
SVR lunndania Gauansfannuutiudimidondn wefiarsan
unazdamin wudn Tungunnuviuas Random Forest 19iein
RMSE = 9.22 waz MAE = 6.38 § 4/ n31 SVR 71 A1 RMSE =
10.94 uag MAE = 8.45 druluidoslud auunnm195ning
Tumadsdmau Tng Random Forest 1ien RMSE shndneenaun

Table 4 Summary of the Best-Performing Model by Province

(19.78 wiguniyu 29.18) agvouaduaiu1savesluinaluns
Fannsteyadidanufuniugs luveunnulazaswal Random
Forest fansliinadnsindn SVR lnslamzluvouunudsiivoya
wwilduiidanu vnsiluaaudimanueainedeuvesiians
TuiaaazlndlABaiu wi Random Forest daadlyiAn RMSE fnin
lngasu Random Forest imangaunIndmiun1snensaleanduy
pM2.5 Tuuumestoyanislussmalne vieluftuiififanui
KuguasiuTiTTToyaates

Province Best-Performing Model Explanation
Bangkok Random Forest Effectively handles complex and non-linear data patterns.
Chiang Mai Random Forest Excels in managing highly fluctuating PM2.5 patterns.
Khon Kaen Random Forest Accurately captures seasonal variations in the data.
Songkhla ARIMA / Random Forest Stable data structure enables ARIMA to perform well, though Random
Forest still shows a slight advantage.

agUlsiin Random Forest Wulunaffinuuiugrganiaaluninsy
warinuEn uYey ad JwInd ouvl d A1 ud ey
fINBBERRnaRLIvhelFRanzuuIIm

nsiLEUaNATIEIMIALUUTALRY

NIENNINIUAS: TayaluwiluuiunIusEauUIunan
Random Forest Wﬁwmnmammﬁlaum&ﬁﬁqm (RMSE = 9.22,
MAE = 6.38) azviunuanusalunisinnislassainadoyai
ANugugeu

Wadlnal: Ay PM2.5 daruudsusiugsainianssy
n15ulufilas Random Forest wansUszansnimnilendtetng

Fouau (RMSE = 19.78) iaiflsuiiu SVR uag ARIMA
YauwNu: Yayal juuuuniuggn1ataiau Random
Forest mmsaﬁué’zyfgwm@m@maiﬁmjuahﬁqm (RMSE = 6.51)
asvan: Toyadanuiaios ARIMA ieuldflngdiAss
Random Forest (RMSE = 3.24 \fisufiu 2.40)
#5UN NI eTTUY
ﬁuﬁﬁumugﬂ — Machine Learning (RF) ilanin
fiufiiatios — Time Series Models (ARIMA) ¥ine1ui
Figure 5 wa@nan15ne1nsalAH uazead PM2.5 lag
\Wisuileuasaiuineansallag Random Forest waz SVR
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Figure 5 Monthly PM 2.5 Forecasts in Four Provinces Using Random Forest and SVR Compared to Actual Observations

Figure 5 uanIn1snensalAuazaas PM2.5 s1aLhau
Tu 4 i IneFouiisussmineenadefuaildanuuudaes
Random Forest Way SVR wadwsuansliliiuin Random Forest
TienAlndidsstuaiasaunnnitlunndanta vngd SVR 1
AnuAaeLed augendn Tagiangluil uilidanuiunauves
toyags wu fwindedwl agvioulidiuismnuusiugiiigeanin
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a9 wieafulansaadoifioniiafvsuandoduialndifos
lodns (Jang & Lee, 2024; Kyriakopoulou et al., 2021) TuLts
ans Yandauszanuiunuimsennuasgy anuan uazaudd
Wana 1wy auuds wazauangu lnswiawaglaadu
fegreansildunsvaramsizinmaideliaiuieu sglsd
AUNITHANINILdenanTngAusssurfdelinudiniu
(Jang & Lee, 2024; Kyriakopoulou et al,, 2021) & sau15ald
aildfausiszduasadouaudsgaangsy wu mslduanguu
nslimiiAs Faimanguduesdussneundniuiandausza
PrgliAnmaBainevedanaiaiudefioslusiuaniiols

wiiRenatusiandamdes (tofu) iWuingAudadsly
nqulvsiuiedsilassairaduaalusfuidaud ugauas
Fnonmlumsdu annsovmihiidusaiuiedudals 1ae
AATNTBsRARNIuUBIRUsEnaUTUshuvesdviesuazea
asnnazney deduiusiunuuturedlassistazanuuds
Y8998 (Guan etal, 2021; Dang et al., 2023; Jang & Lee,
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2024) Balunintiy wanfasionndavdessudasddauduuna
vesansUsznevituedn (Fu lelevlanlaunaznsniluedn) 4l
unumdnueendiaty amsUszneviluednidunguarseengud
mefanmiinuegrsunsuasluiis Ineflassadiugiudug
wuerlsindniidvylensenda (-OH) nilangwdeunnnin ans
nauiviuthiiddalunsuntesiivantiaduanau i Faded
dunidnelsa uazuuas (Balasundram et al, 2006) ludu
Taguinsuazauan arsuszneufiuedniiunuvimduansdiu
a%aﬁaisﬁmmsaé’ugﬂw%mzaamstﬁmﬂﬁﬁ%maaﬂ%m%’u
anmudemeveasadaneyyadasy Jiisananuidssdelsn
laifindeidoss 1wy Tsalawasvaonidon wwmuwiedl 2 way
ugL§eun9vila (Pandey & Rizvi, 2009; Scalbert et al., 2005;
Tangkhawanit et al, 2022) uenanilsiqrdunssniau way
Uuaugagansludnld deioiaduszuundduiu (Dominguez-
Lopez et al., 2024) femidfeiidnumsiausandasidoion
ndirlusunszuInnIHEs N5EeNTNRAY warAMAINYBY
nanAagilagsn uddvaulng@nwinislalusiuann
Wsfludundedleleian (Soy protein isolate) Wsfiugundes
dudu viemnanmsaiaieduda vienawanlusfiuanii
wiase q erfalassasaduleluidofouuasiam g aeuos
NINaLALLALYINAR WYl (Ishag et al., 2022; Zahari et al,,
2022) uenniimaidenunadusiuwazmaiianszuaunsnand
wad A yronsdsunuulasiadiauazaunmuond ooy
ogalsfinudanateyaidsdnisafunsldingaulusauilal
rnumsatadugslaenss Wy adusdafasianndundesd
nanldingluszauadudounsegaaunssuamman adasiadna
s3auR Tesdusznoulusiunesloomsgs fuafreidodura
KazlnYUINISANUSITUYNR (Samad, 2025) HeudseAnwinisly
wlumswansdadusidofouwuudniie §avug g

Table 1 Plant-based meat formulations with different levels of tofu

¢

annsolfifugrulunimeunudedndid ol Fudndueidd
ANAIMILATUINITRAEAMAINNITTUUTENIUlNd LA B3y
wanSusifiviianuoded (Manzanilo & Jr, 2025) agnalsfinu
nan1s@nwisnaingaiuanendndudidisazy (Ready to
eat) LU tnuinuwingu warliasouaqunns Anwianuastinig
il menm uaglnsunmsvendeifiosiifaudonszuaunis
oULUUI BT arunsatilugusuuseniu (Ready to heat) 7l
Wi idugu dlavuinisiimunzandmsveimsniougu
$uUsEnu neuniinves Lohasupthawee et al. (2021) & 4
dadquvesunadusauainiysiuduingdvdiulaseasig
(Structural modifiers) Lﬁ'aLa?mqmﬁﬂwmwwLﬁ'yaﬁ'uﬁauaz
anuanansolunsinifuivessdnsusidodion undilidng
THUsmansidugiu egslsfimunis@nuifeiusedunmsidy
whiiifnadoautinisnienm wasaivowmansusiioiion
Pniediddn feuidelasluaui dody adulwls
Arvniimesnenenin wad uasUszamduiaivnzandian
flanansaifunnuudusazaniauudwomandostldog e

v o

Yoday lngluvililassadsvesndnduelidoauna e

advanuniswaundugasdusuui Idneainluszay
AMNENVNISUYUINYDULATSLAUASUSOU TUATIdeAsS el Fall

3
o

mqﬂizmﬁlﬁaﬁﬂmmiwamaﬁzﬁummamé{wﬁ (90-105 n¥u)
Tunmsyhiledienanity andudsyfivaudiniameadl Usune
TsAunavansusznouiiuednsianus saustanisussidumig
Uszamdudaveafuilaa ielilddoyadmiunsuszyndld
WY WazABEaANISWAIUIEAST PBM Lﬁ'aLﬂuﬂTagaﬁﬂw%’ums
W Rans s dofieuaniivfiawnsondnseauaiadouls
ol

Formulation Tofu (g) Black Steamed Shiitake Water Wheat Wheat
Pepper Soybean Seasoning (mU) Gluten (g) Flour (g)
Sauce (g) Residue (g) Powder (g)
Plant-based with tofu 90 g. 90 10.5 10.5 3 6 45 45
Plant-based with tofu 95 g. 95 10.5 10.5 3 6 40 45
Plant-based with tofu 100 g. 100 10.5 10.5 3 6 35 45
Plant-based with tofu 105 g. 105 10.5 10.5 3 6 30 45

msSeugaswinsteidoiesanity

nad 0t el olanan T qasi AauUasain
Lohasupthawee et al. (2021) si} wusnsuaau 2 daw dau
i 1 Ao doumanTen dunanldun why (eefunususinansng
U 4 5EAU Av 90 95 100 uag 105 n3usedns) gean3nlny
f1 nndavdesils wadgesaioven uar thavenn wawlwidn
fetuseedesulagldnnuussedud dmdl 2 dudmiiie
Tdwunay waznaufudrunaud Juadlu udrunsuduile
Weatu vdndhiudares 1 lauthaaudundesuduile
ety (eavidendrunauuansda Table 1) Yudawfion 150
ndustetu duideieudutou shlduienmsdnasuiug ud
Al duuriuemaaumun 1 wuins nduhluaneu

wingalaudmiueuiunesaimisufivune 9 ildeusaem
oulwihfigamad 150 ssrwadea Wuan 15 undl 2N
ndusuresieudeudadunan 15 wil Wenasuanalili
\Wuauazussquuugynaivlugiduniegumgiidindi 10
aamwaldya LanhluImseinunn
MIBATISFUTININIENIWMAZIAT
AiATeiUsmnud unuds Association of Official
Analytical Chemists (AOAC) (2000) uag WABLABsUeRTAI A
(a) 1nelH1AT 09 water activity Tias1gvid10819 3 Sriogms
sonunaduanade + daudsavunnsgiu meiaanuuds
(hardness) vesndnsneilagldindos Texture Analyzer (XTplus,
Stable Micro Systems, UK) (Lohasupthawee et al., 2021) 9
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Ausanalagldiinansinsyuen EURUANENa1 3.5 luRung
load cell 1 Alaflafu nasesads A 40 faduwns/und
Fesvernisnadesay 70 U8sATGNIBENS TAT e 8 §/gns
Feuduaiauuds (Hardness)

A Usinalusiulnewedaanmiainzinuis
U1MIFI1UVDY Association of Official Analytical Chemists (AOAC)
(2000) wareruduiosas (wo)

MR sUssnauiveaniimun
msTnsIsfUSuamsUssnauiiuednyianun  (Total
Phenolic Content; TPC)

MN1531AT189 71835 Folin-Ciocalteu lngdnuiasann
Ratseewo et al. (2025) sl Hasfoehaileifiouaniiy umen)
weasegay 80 (vAv) ludhmauiegnweasiazaty 1:10 (wA)
weigamgiivionduna 2 42w mndunsenerdnlasasiu
wissdl 1,800 x g umw 20 Wit iudumsataduuuliienmgd
10 asAngALTEE aund19zTiaT ey vhen 3 ga dmSuUfAse
Folin-Ciocalteu 13 8unN31ML1ATFINIINAITALAIINTALNAEN
Pntunauasazaefiogn 300 llasdns fuansazans Folin-
Ciocalteu reagent 2.25 lsilasans lwewazsinlufifiafigamaiivies
57 Wnansazanelufeulansenlad 0.35 lwa1s Usuas 2.25
lalnsans wenBnaduazinlufifin 90 1wt farmsganduuasdi
Ae1AaL 725 wiluiues feawnlpslnlafives finaudiain
blank U&IFWIUMN TPC ANAUNMTHEUINATIUYBINIALNGAN 71
1991934 3 91 fogns enunaduliadniuauyansaunadnee
NSUYDIFIDYUIAS (Mg GAE/g DW)

MINAFOUAIINYOUN NUTEAMAUNE

NINAasUANNTRUNIUSTA MU alned Snye
Using & ndu sand ieduda uazaruveulassiy Ysnidu
#28 9-point hedonic scale (1 = lalwavad198 ¢ 4 9 = vou
o1389) Tunguiuslnasily S1uu 50 au Yszidiu dadidunns
‘ESuuuduanysal anenRandduiaegts uastiuthdsun
FEWINMIBENN MuwIUGTRasEIuUUsTamauda
NMTUATILAIAAG

dnsvautanianieainuwaziad Tdununsinaesdy
auysal (CRD) wazdmiunsnaaeuneUszamduria Touaunis
naaesduuionauysal (RCBD) lnsvdenduiveasunarsounis

Al Ainsgrinnuutsusau (ANOVA) wasilFeulfisuaiade
A28 Duncan’s New Multiple Range Test (DMRT) 7 58fU
Yod1dey a = 0.05 erunaiiuanade + dudeavy
UINTFIU waziAUAIBNYILaRIALLANANIREN il T Aty

NauazINsalnan1sIvY
NANITAUATIZAAUTAN M IENINUAAT

nAnSuel PBM 270 LAY 38 nAnS e laainnis
fuifodiosniedddisiuaznndavies Tinvarusing
dFruuoniourunds wifa Snvuzarslufinnugady fiaa
gou Buhmady edudamianeuariinnuuiulusziuliu
ﬂa'mﬂﬁUﬁﬁﬂiJUiiﬁ;ﬁmsﬁqzy,zgﬁﬂmLﬁa%mqﬂmﬁu%’ﬂmLLaz
Hosfunmsvudouandwindon dnvazneueniiouroudng
Weu 9509588015008 0E ntfosvuinanTued winen
ﬂi%U’Jumi%ugULLa%m'ﬁ%an'ﬁ} uanIRs Figure 1

Figure 1 Plant-based protein meat substitute (soy-based tofu)

nsifiusziumsAuEYiinadoautAnenisninuas
\nilvamwandaaie fieuainity uand Table 2 TngArududl
ANULANA19RE 1 TEEAYNI9adR (p<0.05) WuI1 gasHaw
Wy 105 n3u fusinaeudugeiian (Gevay 46.63) so5aa
ARANTHANAY 100 nsu (%aaav 43.40) gNIHANGNY 95 N3U
(saaav 41. 08) ey mawamwammw 90 ﬂ'ill (Souay 38 12)
mmﬁuuwmeuaamﬂaaaﬂuawmmsauuwaqmm lesn
Tﬂiqaiwmaiﬂmumaam1'14mmsanﬂmuuﬂuﬁuaamwammﬂsﬁ
TUsAULSR (Guan et al, 2021) dwaldransasiivsunanhsm
Lﬁ'uﬁyumm‘?maumiLﬁmm”m” AOAAR BINUITIUITUVDY
Kyriakopoulou et al. (2021) fisnauinlusauiivluguisauas
miﬂmﬂiumumnﬁismmmmmqummwmﬁuaqLuamsu
ndilaiuiy

Table 2 Physical chemical properties of plant-based meat analogues with different levels of tofu

Samples Moisture content (%) aw Hardness (g)
Plant-based with soy tofu 90 g 38.12+1.12¢ 0.983+0.001¢ 140.86+2.57°
Plant-based with soy tofu 95 g 41.08+1.00° 0.985+0.002° 98.82+2.64°
Plant-based with soy tofu 100 g 43.40+0.34° 0.987+0.001%° 50.43+3.47°
Plant-based with soy tofu 105 g 46.63+0.33° 0.989+0.001° 21.65+1.24¢

Means in the same column followed by different superscript letters (*°) are significantly different (p<0.05).

meevien a, vewdndasidefionnniviliisglulin
funnsinadu (Table 1) wuindln a, ogflugas 0.983-0.989 leges
ﬁiﬂﬁl,éhﬁ 90 N3 wag 95 N3U A1 a,, (0.983 way 0.985 ALAIFU)
Tuvaidigesilfidng 100 n¥u den a, ged uogeiivoddy
(0.987) uazgns 105 n¥u fA1 a, gefian (0.989) wanilaT e

n9ad AuandliiuiuTinand 1 AN ud udwanenn a, 104
nansuieedltuddey (0<0.05) A1 a, Nleviavum (NI 0.98)
a YA v a o = & = = Ao

figannlndifesiundndnmisiuanvsenaudsgy deldnenim

a

lunsaSauiulavesydunidlad Inalamzqdunidnelsauas

N Al o

%aumwwﬂmmmstﬁamﬁs Wi Escherichia coli Salmonella
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spp. e Staphylococcus aureus ﬁmu’]imﬁiﬂmummiﬁﬁm
a, 41nn71 0.95 (Beuchat, 1981; Rahman, 2007) uaﬂmmf Lﬁa
firsandmiuteyanud uromdndae wuirdamudueg
Tuti2 64.38-69.56% @ siiuun Tt ud unussdun1sifisugig
WULREIAUAT ay, mm%u“luizﬁuqqémﬁ’um a,, fsnnsn 098
st dmdafuriogluanwiidasendoudniunszuiunis
Hosanm nannUfAseued iy msiiu uavnsniueniunis
firielsn (Beuchat, 1981; Rahman, 2007) Arauiigedsduriusiiu
Ay a1 uasiil edudadifuslaneeusuldd uiluena
Uaende Snudeseonuuuszuumsifiusnuilvenseas 1wy n1s
wiidu msmnaeslsd viemsussquuugy e iedaeny
wanSnsliaonfouazasamnmlldlussezen vonand ms
WU flugnsdmalien a, 49U MnkansAng wud
msiudluiinageiinnuduiusTaensatue a, Aiaty
iaiidesmnlasaiswsad idnvaesdulusiuiiinnnns
pnpnauvBstuLiavdes deflautilumstniiuihgs fmades
svedlusiufivaimuasiizngy vl dnifulluwmindues
wanfasioglugUvenidase (fiee waten) unninundignin
(bound water) §sdswalsien a, gandndndasidlddmvdesly
5ULUUS U (Ui et al, 2015; Dang et al, 2023) usnainii
Arwasnsavead i luntag adutn g adswalwud ndosisl An
Astuzangs widlesnindnlvdegluguitlignBadeiusy
lalasusaussinihadniulusiuisenslulawmsn Jsdmwalvian
a, VosuA RS s Fansog Tuszdug s uifagdanud ugafiou
(Rahman, 2007)

AT (Hardness) vasrnsiausi PBM Aldisniily
UTuauunne1aiu (Table 2) 8g/ 5119 21.65-140.86 n3u 1ag
wuin gastildidiaamdos 90 n¥u fian hardness gsfign (140.86)
yaugil gasAldensdamaes 105 nfu A1 hardness Andige
(21.65) lagd Ar1uunns9eg 19l W ed1A gy n19ad i (p<0.05)
N5 TeNUI NS LT INAE Y danalvie hardness Y89
wanSuiidleflouanasodnaiteddy ilesandilasadd
guihldfuasusznoudelusiudamiesiiiiunsanagnoudie

°

Wdnaneylugvuuuinaneu lassaseiana g e e
Fummuasniumsnssresvesludandatos doali
TssadralaesadidnunzyunagBanguuniu (Obatolu, 2008)
nsieymalsAuniansaumsndlusminglusiunas
aslulawsnvemdndiausiomisuavdnane hardness AMLDS
arubavguusaileduia fHiuguanauaifiddasainmes
Tsauludnsgios lngea1ures Dang et al. (2023) wuinlaseasng
TUsAuveud1viiAnunaInnaigve subunits WazesA Useneu
TAssasnefiumnenaiu @y B-sheet waz hydrophobicity) afina
soautAf uiwarnsguinvedlusiulundndasid i uams
vasesEoRdoIfUsBNUsTyIhMsAuETvilUsAudumdes
e anunsoUulanmeTRd il edudalidenuuuay
sousuldATulundndusidoisuuaziuined (Obatolu, 2008;
Zhang et al,, 2020) U NsAELIYIUUSINRIES W 105 N3U Az
FaofiumE LazANUIveHARA ST dmarer hardness

fiawazmaseusumeszamdudaiaity uiluunsden
danasaanuansalunsinnsunswemdnd e lnsang
KansusUssmioiendilaiunstugufeuseduvd ousifius
uis mefivnahuadluunnsingaduluenahlilasase
WsAuwazarsiulawmsalunavsndlimunsaUszandalauiune
Fefunlthiindasasiazdesulfhedleiumsifuinuviems
Tianudoush egndlsfima malunuifotuanyingasiligg 105
n$udsanansadnwgunsslidluseduilvmnzan Wosniinsly
uauazngiusauulaseaiaety mmsiwmmimnwﬁﬂswlm
uifsfinuuiugs mesenuuugasiieiosiaugassvineany
yu wageuanansalunisaeguiadud eddydmsumsinum
wanfusnieuuslaafineulandidluiunissusemunasms
Founuludandive

210 Figure 2 wandm1UTulUsA U (Sovag) ¥4
wAnS i oufienandng wuigesiildidng 105 n¥u SuTina
TWsfugeiign (Fovay 46.46) wazumnsinses sl dudAnyisads
(p<0.05) MNgAsBY BsasNABgmITITIF1] 100 n3u (Govay
44.93) uag 95 n3u (Fevae 44.08) Feliunnsnefumadin dougns
g 90 n$u fUsanailusiusiian Geea 38.53) wansinm
wuingasildisng 105 n3u Wiusinalusiugsiign eSurelsan
msiddundadasiusiuandundesdsdesiuszneulusiu
g¢ Mt mand el dednlusiulugesifistulasess
nnsitgns 90 n3u FUSnalusiviaaaenndasiuuiunaingiu
Tushufitosndn fedlidiudenruduiusifsuansewineyiina
whidufuASnalusiulnesalusdedost deyadaenndos
AUT1891U09 Messina (2016) Aiszyimanfusiandundes iy
wiuaslusiudmdonyssy Wuumadusiunuamgs uagms
w3 alugnsormsanunsani ua1UsialusA unage e
Tnrunmsvesdndeildeg el deddey Tuudvesraaud@inig
lardumousiiu nsfinansnsiiunalusiugeulifiousdiia
AAELATLINTS wididmareauTRiulasadwasmsiniu
hesndniast Seiinaronnuuds ioduda uaznmssauiums
Uizmmﬁmﬁaﬁuaqéﬁ‘lﬁm (Kyriakopoulou et al., 2021)
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Figure 2 Protein content of plant-based meat analogues with different levels
of tofu

WsAunndundeuduunadusfiununings dsieau
nsdununseezdludndululSunaiiemenuuinsgiy WHO
(Friedman & Brandon, 2001) wagzdsilasngnead wu lolyw
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ahu Fsfiunumlunsiueyyadas: anaundsslsaiala
wazUSuaunagesluu (Messina et al., 2016) NMsiivsuailusiu
galundndueiidosuniefainnuddyieluudnig
MBUANDINBAUABINITNILAYUINITVRIH UTIAR waznIs
AUESUANANNINEYNINTBINE RS U9
HaNTUATIFIUSHIAITUTENOUTOANT I
MNMFATIEsiUsINa TPC vosnansusideaifionan
folH s ludunasineiunansds Table 3 9105w

wuin U3ina TPC vowmdndusiiloifiouduslussdusin g
fidegsEning 61.89-66.90 mg GAE/g db Waaesitldisngan
WidBd 90 95 uag 100 nfu dan TPC IndiAesiu ldunnsnariy
n9adR vauziidegeiliiidiundes 105 ndu fd TPC gagn
71 66.90 mg GAE/g db éTiagjmdﬂﬂa;mSuasmﬁﬁaﬁﬂé’zy

Table 3 Total Phenolic Content (TPC) of Plant-based meat analogues with different levels of tofu

Sample

TPC (mg GAE/g db)

Plant-based with soy tofu 90 ¢
Plant-based with soy tofu 95 ¢
Plant-based with soy tofu 100 g
Plant-based with soy tofu 105 g

62.38 + 2.45°
61.89 + 2.98°
62.37 + 2.34°
66.90 + 1.85°

Means in the same column followed by different superscript letters (a, b) are significantly different (p<0.05)

wafanauandlifiuinmsiiudadiuveadniaunsn
dmaronafiuturesiinnems TPC Ssomaunnnisiidamded
asUsznauiiuednuaglelananliuegluy3unnigs (Tangkhawanit
et al, 2022) Tavansvanildunumardylugiugansiuoyya
Sy uwltiudl TPC RutumuuTinaudigeduaenadosiu
NUATeves Malav et al. (2015) fisenuinmsieduingauainiiy
nszgadmusaiindneninlunsiueyyadaszvomansi sl
domadenld maduimadidindedugaaiodionnie
fneawlumsfisGimamsUssnaufiuoanitsun Faduilade
daglunsenseAuamurmalasunIskarAuaudRs UL
ouyadaszvemaninat ogslsfimuanuanisfnwiigas 105
ndulAnUssnaansUsznaufluedniimn (TPO) g9ningns 100
niueeeiitdyddsy winnuuansiswesUSinauiasies 5 niu
91905U18ldaN Amsavauvesasiuednili i ududunse
(Non-linear accumulation) Tagiamzlunsdifiusunamesingfu
fessdunilsagnsedulhiAnnstniuilussuumniu daald
Tnssaismomdnfamidanmundeufienomsaftnansiiuednls
Wiy §saenndesiudel@uaves Dang et al (2023) finuin
Tnssaisveantivenuuasisnguasnsofiuansusznoudanin
Tugudasylégandn deviinaudvifituiessdu 105 n$u enavi
Iituiidudauarauaninsalunsiuinansiiueaniieddy
1nNT 100 n¥u vaugiings 90-100 ndalvian TPC IndiAeariy
wazlaiumndnameada osndluifgandsudinuiiin
pelAssas1semLELNInluNsanasHusAnes 1edidud 1Ay
HANTTNATOUAIIUTOUN N T MU

NATINASIRAET] T sEd st usion smeABUANTOU
malszavduiavesiiofieunansy Table 4 mawdsuszduns
Fuviadedugnadediosnnivdmaronmmmmeszam
Fulavesndndusiognafifodfyyneada (0<0.05) Inegmsd 14
whideduuianm 105 ndu Wesuuuadegeaeiiodnusand
(7.67 + 1.66) uazauveulagsa (7.63 + 1.29) Jauanssegisd
Hfodfyangnsiliignilulinasiing (90-100 n3w) Aflezuuy

waveglutig 6.13-6.57 nasnanasviouliidfiuiinsifisiina
whdwdesdnaludennsemssensuvesiuilan Wefinisan
AnunmveUszamdudaluEasus e wuisedum A
winldudwadon133 iU sEamdudanateau Tud1uns
wouity wandasiiiulussiugaidnuarnngfiaiiee A
voswdadusifaruisuilounasgduamuiniu §sduiusiu
Tassarad endnsfasififiarwandoauasuiuasinaue il
Zhang et al. (2020) eI ndannsadeatuaiilasaing
Tsimosdndamnninlitsnvasindifsndodns uavdediy
A iaevei U suenNAN S el Tudunay M
Usnaudidumdesiiunldugisanna ud i lifieszasdves
Tushudmdes Falutladeddniidmasomsseniuvosuilag
Taenszurunsuandimd susznausienislianudeunazns
anagneuvedlUsiuainsntIsanansUszneuiineliiAsnaumsiu
197 19U hexanal Wag aldehydes ¢ (Feng et al., 2021; Solina
et al, 2005) dusumssuidrunmsduiauas i oduida wud
nAnS TR mdes 105 nu Waudanlutindiyu 4
1 uazliwis Ssmenndesiunamsvagoumsmenmiinuingas
Fananafien hardness s1ftan (Table 2) uansidlnssasadlodura
fifianuBeve uuazanuuiuneaNseN A LAY Su
Wudnwafuilnalrieudfnsendndasilusiumadeon (Ho
et al,, 2022) lususaend nsuiandslusedufianzaus ey
sanRvesAnSnsiianunaundesnniy FsorafnnnaneaR
youdmilumsinifuiuaglesiu ildimssuisaninuian
auqauaxu'uma?fﬁyu (Feng et al,, 2021) fat unan sUszidiu
A mysUsyamdudatiiiuimsldsidundodudadud
winzau lnelanizlusedu 105 nTU aunsavigenszAuALA
voutlafieumniinluvanefin sdnuazusng & ndu sand e
duita wazanuveulneyiy Sdudutladeddyiidsvinadenis
gausurawjuilnauasAnenmlumsimundndoeidandyd
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Table 4 Sensory Evaluation of Soy protein-based meat analogues with different levels of tofu Means in the same column followed by different superscript

letters (a, b) are significantly different (p<0.05)

Sample Appearance Color Aroma Taste Texture Overall Liking
Plant-based with soy tofu 90 g 6.72 + 1.45° 6.68 + 1.40° 6.55 + 1.38° 6.13 + 1.62° 6.20 + 1.50° 6.19 + 1.46°
Plant-based with soy tofu 95 g 6.80 + 1.32° 6.75 + 1.35° 6.62 £ 1.33° 6.28 + 1.59° 6.35 + 1.44° 6.26 + 1.52°
Plant-based with soy tofu 100 g 6.60 £ 1.37° 6.58 + 1.34° 6.70 £ 1.29° 6.49 + 1.26° 6.55 + 1.41° 6.57 + 1.48°
Plant-based with soy tofu 105 g 6.85 + 1.28° 6.88 + 1.30° 7.02 £ 1.25° 7.67 + 1.64° 7.45 + 1.33° 7.63 + 1.29°

Means in the same column followed by different superscript letters (a, b) are significantly different (p<0.05)

d3UNaN5IY

nsfnwibjadiumstauidefenaniislagldigiigd
wdeadudiuuszneundnludadiuiunansisiu (90 95 100 wag
105 n3usogns) il onsIaaeUNasanuaNTAIINIBAINLAT
Usinmuansuseneuituedniianua wagnisseniunisUszam
duiavesrfuslna wansAnwinudn msifuUSnandiiamdes
dawalindnd s fandnvaznisnisnnidueg1adaiau
Tastanizgasi iy 105 nu dAranuduuazan water
activity gafiam usifien hardness sinfign uansfslassasadiyy
wazannaainiuilén Sadunndnvusddyomdniosiis
dedudalndifsstuidednt luduamAmidaruinig nui
ansiltgng 105 n¥ufiuTmnalusiugedian (44.93%) uaxil
ﬂ%mmaﬁﬂixﬂauﬂuaaﬂﬁzwmqqqmLsu'uﬁ”u (66.90 mg GAE/g
db) egefifeddameadflofisuiugasdu wansdsdnenm
Tumsiuemsiifivsglovidequaim dmsunanmsusziiung
Usvannidudia Sanseunauesddsznauii 5 liun dnvazusing
4 ndu samd eduda uazaruvoulnesan wuingnsiis
USinaudny 105 nsu lasuavuuugegnegiadfidedidgludiu
58910 (7.67+1.64) uagA1uvoulagsiu (7.63+1.29) lay
Fuslnaliinzuuudnuarusing @ ndu savidgsningnsdustng
fifudnfamaadd (p<0.05) fafu suideid i gnsiild
whydandeslusediu 105 nfududaduiimnzauiigadimi
mawmuieienanfisiusuy Alvnadnsavslusuamen
19ln3uIN1T adAn1anIenIn Lazn13eeusuIINg uslaa
muf‘;%’aﬁﬁqmmsﬂLﬂuﬁugmﬁwﬁ@umi@iaaaﬂ@anzﬁszjéw%a
wAnSuste 1 sguATNanTY eluszdua $25eu naulamia
YUPU WATRAETNTTHIUIALEN UONIINLHAN AT AT LG
Fsmsldszuuussquuuagannia iiuinwlugamgisinii 4
°C (ulugiB) warvuilaamelu 7 fu sniAdeildeddedninves
n1sfnerergnisiiuinwivesndnduel (Shelflife testing) GR
Wudadeddyaonsnnauuundnuaznisnain Faifusananse
sosennHanIsAnuilufumsinmnaresnsuUssudusau
WU N1TOULIAI NIINIALDDT 15T YT ONI1TUTIHUUAIUAY
ussInArenaN T tiafeuTiiauTY ufslieTeieny
mstfvsnunneldanisznsiduinuiuansiaiu wu nisus
u msutude videgampivieafiedesennisndnideifiesluid
wiilvdeioly

AnfnssuUsena
NUITeilaTudnassIuUsEuIMaINUULIBUS MISUAY
AN TNUAUM TR TEAUNUT (Unn.) UszdrTaudseann

2565 uazvaveunnavmaluladuaruinnisuens augRal

AENsWaLINIAERS WINeNdesigATaziny Mlirny
v 4 A a wa s Y&
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PSB) LilodaLa3un1sias

Ms3duasiliTmguszasiiiio 1) Wanuwiniensldaduvsddunsneiuas (Photosynthetic Bacteria:
aiiulavesdnadaniulda 2) Anvmavesmnududuvesgduniddunszsinawsioniadanm

AoUSUNSATL: 21 Sguieu 2569
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AdAny
9auSIUATIUE
dnaann3ulen
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A1 TunsA-919 (pH)

vesinadnn3ulda uay 3) Anvimansznusemnudunse-rte (pH) vesianUan nqudiegede dnadaniuldaii
UgnnelFununismaasauuuduauyseal (CRD) $1u7u 6 gan1snnass (33gaRIuAY) Baas 3 51 Tnenadoufisssu
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nsgvideyaniealiil ANOVA wazn1silSeuLisuaadsnuy Duncan’s Multiple Range Test nan1539ewuin
1) yaunsdduamzinasaunsaduaiumasyiivlnvesinadaniulsaldifisurintumslidend 2) deduan
danid 5 nsldveiaiilsiaadeininangsan (59.84 o) Faluunndnsegnaideddqmiadatunisléqaunss
Fuaswiuaaisziuanududu 20 ml dexh 10 L (5833 ) ua 3) drumnandunsa-ee (oH) vaeTanlgn wuin
nsldqauniddnassiuasiissduamundudu 10-30 mlseth 10 L aunsadnwia pH lseglutag 6.80-7.00
Famnzausdonisgadusinemns Asannslitownifidmaliien pH anaunde 6.37 sgrsiidodidqmeaia
(p< 0.05) aguldiqAunsdanssiasiissiumamdudu 20 mtseth 10 L ifumadeniimnzauitgalunizan

nsldewnd Weownasashwauna pH vesianUanuaglvinandnuadinmidiuvindunslilend
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Uaensdeneldlunaiasugia BCG Bio-Circular-Green Economy)
isummaulasgnaunsvans Taesjatiunsasnslitiadonsudai
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(Luetic et al., 2023)
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T azauruzdy (Purple Non-Sulfur Bacteria: PNSB) & sl unuan
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(Theerak et al., 2020)
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Figure 1 Data collection of green oak lettuce
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Anadansuldalunnau loud awgesiu S1uanlu anundly
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Wiveghaaudnin Msdszynaldyduniddunseiivadussau
aaduduiivnzan dfneamlunsdauasunisasaiulans
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1.3 gunvedlu (A1NUnIawazamely) ludiuaing
g17lu gnsvaaes T4 fuwnlihilfatedegeani 19.34 + 084
cm Tunigiidiuaruniisly yanuau (T1) SAndsgegai
9.24 + 0.97 cm mmLL‘Ui‘LJi’Jumaaé’mwmaé’mgwu?waﬂumuﬁ
wansliiiudanisuiudvesiivdessiusnemsuasqaunI o
1550 Tagiangluyamunuidnadaniu 18asiuiluniisens
Huwasnannalnmsuiudafioduiuidlunsiosasluanne
fdiasinemnslulasiausinningaildfulenieqdunid
GNEPRR G

Table 1 Effect of Photosynthetic Bacteria (PSB) on physical growth indices of green oak lettuce (Week 5)

Number of leaves Leaf width (cm) Leaf length (cm)

Treatment Plant height (cm)
T1: Control (Water) 23.37 + 3.40

T2: Chemical fertilizer (15-15-15) 24.08 + 2.56

T3: PSB 10 ml per 10 L of water 2197 +3.19

Td: PSB 20 ml per 10 L of water 24.67 £3.11

T5: PSB 30 ml per 10 L of water 2191 +2.96

T6: PSB 40 ml per 10 L of water 20.62 +0.87

F-test ns

%CV 11.78

14.92 £0.52 9.24 +0.97 18.12 £1.29
15.67 £0.76 8.76 +0.38 18.13 £1.54
15.25 £0.25 8.52 +0.63 18.25 £1.63
1592 +1.24 8.82 +0.27 19.34 + 0.84
15.83 £1.01 8.47 +0.43 18.32 +1.74
16.75 + 0.50 8.24 +0.51 17.05 +0.55
ns ns ns

4.01 6.00 6.05

Note: ns means there is no statistically significant difference at the 0.05 level by Duncan's multiple range test (DMRT)

2. HAUBIAUNT TFUATITY LA BUIATININAINATT
Wisuisunandnsuvesinadaniuldadieduganisnaass
NUNIITHOUAUDIRBILAUAMUTUTUYDIRAUNI I FAUATILI LA
(PSB) lugmniwiinanuazimiinuvia fail (Table 2)

2.1 msazauiminas (Fresh weight) 91nn153LAS1E%
MeER WU danuwanasiuet1alideddny (o < 0.05) lauyn
maveaes T2 (Joiadl gus 15-15-15) IiAiadedmiinangaaafo
59.84 + 0.77 g ogdlsfinnu efiansanyanisneaes Ta (PSB 20
mlsieth 10 ) wudiliinandniimiings 58.33 + 1.26 ¢ Sedney
Tunduifentumaiiidu T2 wamsvesesiiagvieulifiuinnsly
Qaun3gFuATIE A szduaIdRdy 20 mlde 10 L
fifnanmlunsdaasumsesayiivinveniedefvldiieusintu
nslddainiiduasest uaglinandnginitganiuny (T1) aened
Tadeigy

2.2 nsazaumdnuie Ory weight) Wlefinnsannis
avavnuks nuh ynyanisveaeslifauuandeiuegid
Toddameadd (o > 0.05) lasyanismaaeadi i sugaun3d
danmziuasmnududugs 1éud T5 (30 mUsioth 10 ) was Té
(a0 ml sl 10 L) Fuwiliiulradsdmiinuigeaei 8.04 +
1.30 g uae 8.02 + 2.13 g iy JaudfazdiAnganityaniugy
(TD) warynlaindinnsgu (T2 Joiadl gns 15-15-15) usidaliog
Tusedufiiifoddamiada Joyatvdhmaiuanududures
qauvadduaTesiuastussdy 30-40 mi slath 10 L e
Triwinnsagausna?inin (Biomass accumulation) wagU3una
vowudsamniiaransildnmeludedefivfivuuiuiu Fee
dsaidsuindensdnwiganmnanienm twinuesuandn
MAINSIAULA B MADATUAININUNILA BN 210158 1INs
nszULMIvUdaiien IS e B

Table 2 Effect of Photosynthetic Bacteria (PSB) on biomass (Fresh weight and dry weight) (Week 5)

Treatment Fresh weight (g) Dry weight (g)
T1: Control (Water) 50.64 + 0.53 7.08 + 1.84
T2: Chemical fertilizer (15-15-15) 59.84 + 0.77° 733 + 211
T3: PSB 10 ml per 10 L of water 50.48 + 0.40° 6.02 + 2.66
Ta: PSB 20 ml per 10 L of water 5833 + 1.26° 6.44 + 1.55
T5: PSB 30 ml per 10 L of water 52.00 + 2.65° 8.04 + 1.30
T6: PSB 40 ml per 10 L of water 51.73 + 0.62° 8.02 + 2.13
F-test * ns

%CV 2.38 24.51

Note: * means a statistically significant difference at the 0.05 level, ns means there is no statistically significant difference at the 0.05 level by Duncan's multiple

range test (DMRT)
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3. nMaAsuutasmanadunsa-ng (pH)

31nn1sasIainAimudunsa-ang (pH) vesianugn
ARORTTLLIAMARDY 5 Ui wuiiluduavigang (§Unid
5) fianuunneneiueg19iledfyn1eada (o < 0.05) lngyanis
nAaos T1, T3, Td wag T5 awnsadnwian pH Tiegluszaui
\unanafasiadnifos (6.89-7.00) Fallurreiimunzausions
avanguaznIInadusInemsdulngveainadn agielsfinig

Table 3 Changes in pH levels in planting media during 5 weeks of experiment

wutedunaiiddnluyanisnaass T6 (PSB 40 ml #9110 L)
F3An pH amawwde 6.37 + 0.08 wavyn T2 (Joiadl gas 15-15-
15) e pH anaswde 6.79 + 034 WawSsuifisuivyamiuny
wavyaiiliduniddunseiuasnududusiiniy nsanaswes
A1 pH lugafilduduniddunmeiuasmnududugaani

v
oA

Uadfefanssundinmuesydunidienainisvantaeansa

a

duvideenunluUinaiguiuenuaunavesTanugn

pH levels
Treatment Week 1 Week 2 Week 3 Week 4 Week 5
T1: Control (Water) 5.00 +0.00 5.47 +0.57 5.58 + 0.19° 6.86 + 0.14° 7.00 + 0.00°
T2: Chemical fertilizer (15-15-15) 5.00 +0.00 5.23 +0.08 5.50 + 0.13° 6.93 + 0.08° 6.79 + 0.34°
T3: PSB 10 ml per 10 L of water 5.00 +£0.00 525 +0.13 5.65 + 0.13° 6.75 + 0.20° 6.99 + 0.37°
T4: PSB 20 ml per 10 L of water 5.00 +£0.00 5.29 +0.08 6.03 = 0.14° 6.79 + 0.20° 6.89 +0.11°
T5: PSB 30 ml per 10 L of water 5.00 +£0.00 5.35 + 0.14 5.82 + 0.20" 7.00 = 0.00° 6.94 + 0.05°
T6: PSB 40 ml per 10 L of water 5.00 +£0.00 5.30 + 0.00 5.70 +0.16™ 6.42 + 0.24° 6.37 + 0.08°
F-test ns ns * * *
%CV - - 2.65 2.84 3.12

Note: ns means there is no statistically significant difference at the 0.05 level, * means a statistically significant difference at the 0.05 level by Duncan's multiple

range test (DMRT)

d3Unan13IvY

NNIANYINAVRIRAUNITFUATIENUAY (PSB) sk
ataniulda aguldnsly psB fiseduaududu 20 mi deth
10 L (T4) ﬁﬂf"ﬂaJm‘vﬂ,uﬂ1iaiaLfﬁumim%zylﬁuimﬁaﬁmmmqq
Fruaulu weensazanimdnanlfideusiitunisléenians
15-15-15 (T2) Tagludauunnsseg 1sd dodrAgnisad @
(o > 0.05)

lumunisazauuadinim wuinisld PSB Anududy
20 ml sigt 10 L (T4) duaSunisiadasiviaisduiminas
wazaugeldiieuindunislddend Tngldnuaruuaneng
ogsilifodAyneain wiyanismeassiimududugs (T5 uas
76) aefualiiunafdonisasantminuis udeyasinns
naaeenuiUszdninnasanvesnisiluaisnsedunisdanin
(Biostimulant) TuegiunisdansuSnadimangas

Wlefinsanan nuindeutanuan nuianisld Pse
fsgduenududu 20 mi ot 10 L 9re¥nwrmnuduna-
sina (pH) Wieglunausiiifunans (6.89 - 7.00) Fadusedud
wanzauigarensgadusinevns egrdlsinig n1suszndld
Tummududuiigauiuauna (T6; 40 mldeth 10 L) dewalsien
pH anased 9l dod1dey (6.37 + 0.08) 1Junau1annnig
Janlaeansndunsd (Organic acid secretion) TuuTuaunn
INNTFUINIULNUBATUVRRAUVIE daransenudaundusie
waligsninvesianugnuazaanauainudulselevivessis
91115 (Nutrient availability) A159AN1SANUTNT UV §
Werduniddnanesiuasesamzandutadelunisdnwm
watigsninvessruulgn AunIdduaTeiuasiunumddgly
nsduansnszdumedinin dreduaiunisndgiivlauay
UsuUsalszdnsannislesinemisvesiy wazqdunseg
duAsigvinasansius Rhodopseudomonas palustris

ddneanlunisudnarsadaaiunisiasyavlaiy (PGPS)
WU nIndulaa-3-02@RAn (IAA) wag 5-aviluiajdiinueda (ALA)
sadadnalnnisadalulasiaunrueuladlulasdiua
(Nitrogenase) dsdutladuddnyfivrvduasunisiasayivlnves
langnafivsvansamiieuwindunslddendinnsgiu

Fatfu nsld PSB Tushmdruiivunzan (20 ml dovn
10 L) fafuwwimedrdglunsenseduannsgiunandninens
Uaensts Iiloreengifsmnduduazensefuanulasadoves
fuslnalagannisasauaslumsvluinly dmsunisAnuads
seld msfiumsiengivinunsazaulussvluluageing
kil (EC) vasTanugn saudiednwiusza@nsamnisly PSB
saudunsanUFuiud eniludnsidiusng q (Integrated
nutrient management) Lﬁ'amqmauﬁlaqqqmwdwmil,ﬁm
HandaLaEN1TanaTIAdllvisiUsE AvEnngaan

Tugnunsillduselevd inwasnsuagguseneunsin
Uaenssannsalsegndldqaunidduasesiuas (PSB) fisydu
arandiudu 20 mi sieth 10 L uuuamaddglunisdanissg
pwnsdmiuinadaniulda ddvinandairisuiniunislddend
gns 15-15-15 mﬂ%’ﬁmwdauﬁmmzamﬁﬁw%’nmamammm
Hunsa-ans (pH) Tufaqugnlvegluseduiiidunans dsuadide
UsednSnimnisgadusigeimsuasiadiosninvesssuulgn
Tusgoren uenani n1sUszyndld PsB suduuuimisdidy
lunisensedvamsgiunananinensdasadei ofuilan
\osnvasanmudssannisazavarslunsnludnly
wwmsdanandeidunisysanmsnagnsannisidansiaiiaue
Funsdanissinemisedsdadu Ayadunistauszuy
inwasnssufiiuinssodandeon

Tunsfnwiadasoly msifiunistieseiuianmunis
avavlumsnluluwazainisinlad (EO vesdanUgn
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ARTICLE INFO

Article history ABSTRACT

Rec;lved: 23 Mgrch 2026 The purposes of this research were: (1) to develop a process for using Photosynthetic
Revised: 22 April 2026 Bacteria (PSB) to enhance the growth of green oak lettuce; (2) to study the effects of different PSB
ACC?PthZ 2‘1 June 2025 concentrations on the biomass of green oak lettuce; and (3) to investigate their impact on the pH of
Online published: 29 June 2026 the growing medium. The experimental sample consisted of green oak lettuce grown under a

Keyword completely randomized design (CRD) with six treatments (including a control group) and three
Photosynthetic Bacteria replicates per treatment. PSB concentrations of 10, 20, 30, and 40 cc per 10 L of water were
Green oak lettuce compared with chemical fertilizer (15-15-15) and a control treatment (plain water). Data were
Biomass analyzed using analysis of variance (ANOVA) and Duncan’s Multiple Range Test. The results
pH levels revealed that: (1) Photosynthetic Bacteria (PSB) promoted the growth of green oak lettuce as

effectively as chemical fertilizer; (2) at the end of the fifth week, the chemical fertilizer treatment
produced the highest mean fresh weight (59.84 g), which was not significantly different from that
obtained with the PSB treatment at a concentration of 20 cc per 10 L (58.33 g); and (3) regarding
the pH of the growing medium, the application of PSB treatment at concentrations ranging from
10-30 cc per 10 L maintained pH levels between 6.80 and 7.00, which is optimal for nutrient
absorption. In contrast, chemical fertilizer significantly reduced the pH to 6.37 (p < 0.05). In
conclusion, a PSB concentration of 20 cc per 10 L was the most suitable alternative for reducing
chemical fertilizer use, as it maintained the pH balance of the growing medium while providing
biomass yields comparable to those achieved with chemical fertilizer.

"Corresponding author

E—mail address: keerati.to@rmu.ac.th (K. Tongnate)

Online print: 29 June 2026 Copyright © 2026. This is an open access article, production, and hosting by Faculty of Agricultural Technology, Rajabhat
Maha Sarakham University. https://doi.org/10.14456/paj.2026.3



9575n YA IWTZIEU (PRAWARUN AGRICULTURAL JOURNAL 2026) 23(1): 30 - 38

4 ' v

s A &
7, &

4 &

“,
L L4
£z »
N »
AcricuLTo®

PRAWARUN

AGRICULTURAL JOURNAL

https://1i01.tci-thaijo.org/index.php/pajrmu/index

UNANNIY

ay o a a . v v Y]
n1snavauameiduiuuazlaininenludamas (Carassius auratus) agindulasiu

W8 Aeromonas hydrophila

aa * a (% < o/ ¢ o
Wnsv1d Bula” Uaudinn adah’ yuassal mssan’ wanlva Junzyns' uaz asausd Juine’
g Tvunwasmans (Uszus) pusmaluladnisinyes un)ineraesusiumarsmiy ennesdes Saiaumansmiu 44000 Ussmalne
Zgr13vnisuseas padzieluladnisinwas unIngraesivaganauns ennakiles Viaanaums 47000 Ussmealng

dayaunnaaiu UnAnga

Article history

Fu: 24 funaw 2569

udly: 23 wwiew 2569
ARUSUNSARLN: 17 Squieu 2569
Fnueeula: 29 fguieu 2569

Adfiny

Uamad

uolsluuua lolnsilan
indu

NI5ARUAUBIN NYTAUAY
lasinine
woudveninmes

\ & . aa & o Ao o = a o o

NISUNITZUINVDUD Aeromonas hydrophila Tulanaesuiiiindu n1simun3snislesiuddianudfgy
lnenisfnwinisnevausanagiduiunaslafinine1vesinfulesiude A hydrophila lulames (Carassius
auratus) ludames dmidniade 47.40 + 1.95 nfu uwdseeniu 5 nqunisneaes lnsudsenududuvesindu
sandu nquenunu (0), 1x10°, 1x10°, 1x10° uag 1x10° wadsediadans Uamewnnaulsiuiafuilssenanie
A. hydrophila wui1 finsiduturesindu 1 x 10° wadsieliadans ddnsmsasaiuladeugedian fie wiriu
0.91 = 0.04 nSudetu wazdasuaidadonuasdauiy (% Hematocrit: Het) hiflanuuansrstunisadfvemn
AUy warnuIALauRUeA lamas AU 3.19 = 0.06 liuanssdunisadAnuAaududu 1 x 10°

1 _a aa =~ o a & & 1w = oA A ) I

wadsiefiaddng Jsllueufvedlamesivindu 3.22 + 0.03 FaduAfiasianlunisveass lngseduanududuves
Tafufivinzaudo 1 x 10° wadneladans

Introduction

Aquaculture plays a crucial role in global food
The

proliferation of intensive aquaculture systems has

security and economic development. swift
heightened the risk of infectious disease outbreaks,
especially those induced by bacterial pathogens, which
significantly contribute to production losses and
economic downturns in the aquaculture sector (FAQO,
2020). Goldfish (Carassius auratus) is one of the most
economically significant ornamental fish, contributing
substantially to Thailand's aquaculture industry. It
is regarded as a premium export commodity in the
ornamental fish industry. Thailand is acknowledged as a
and of ornamental

leading producer exporter

fish ¢lobally, especially in Asian, European, and
American markets (FAO, 2020; Department of Fisheries,
2021). The ornamental fish industry in Thailand provides

revenue for farmers, breeders, and entrepreneurs across

"Corresponding author
E-mail address: puttachat.im@rmu.ac.th (P. Imjai)

the production chain, encompassing breeding, rearing,
transportation, and exportation. Goldfish are immensely
popular owing to their many strains and appealing
appearance.

Intensive goldfish production methods often
encounter bacterial infections that adversely impact
survival rates and fish quality. A. hydrophila is a
prominent bacterial pathogen. This bacterium is a Gram-
the

in freshwater

negative  organism  belonging to

typically
habitats (Janda & Abbott, 2010). It is an opportunistic
disease that can infect various aquatic species, including
goldfish (C. auratus) (Harikrishnan et al., 2003). Infections
caused by A. hydrophila frequently correlate with

family

Aeromonadaceae, located

environmental stresses, notably substandard water
quality characterized by organic waste accumulation
and abrupt temperature variations. These variables

compromise the fish immune system, facilitating

Online print: 29 June 2026 Copyright © 2026. This is an open access article, production, and hosting by Faculty of Agricultural Technology, Rajabhat

Maha Sarakham University. https://doi.org/10.14456/paj.2026.4
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pathogen invasion of host tissues and resulting in acute
or chronic infections (Zhang et al., 2017).

Aeromonas hydrophila is the etiological agent of
motile Aeromonas septicemia (MAS), a serious and
highly transmissible bacterial disease in aquaculture
systems. Clinical manifestations encompass
hemorrhagic lesions on the integument, abdominal
distension (ascites), inflammation of fins and gills,
septicemia, and anemia (Semwal et al., 2023). The
pathogen generates many virulence factors, including as
hemolysin, aerolysin, and protease, which lead to host
tissue  destruction and  systemic  physiological
dysfunction (Akmal et al,, 2020, Semwal et al., 2023).
This disease has been documented in various fish
species, including catfish, common carp, goldfish, and
koi carp (Thangaviji et al., 2012). A. hydrophila infection
poses a significant risk to aquatic animal health and the
viability of aquaculture output (Nhinh et al., 2021).

Despite the prevalent use of antibiotics for
disease management, their misuse can result in
antimicrobial resistance and environmental pollution,
imposing considerable constraints on contemporary
aquaculture systems (Nhinh et al.,, 2021). As a result,
vaccination has garnered heightened focus as an
efficacious and sustainable approach to disease
prevention. Vaccines can activate the fish immune
system, namely the humoral immunological response,
which can be assessed by measuring antibody titers
(Semwal et al, 2023). Vaccination has become an
important approach for controlling bacterial diseases
caused by A. hydrophila in aquaculture. Previous
studies demonstrated that vaccines could enhance
immune responses and improve survival rates in several
fish species, including common carp, Nile tilapia, and
zebrafish (Alishahi et al., 2024; Qosimah et al., 2023;
Rivas et al, 2023). In ornamental fish, protective
immunity against A. hydrophila has also been reported
in goldfish following vaccination with bacterial antigens
(Viji et al, 2013; Rahman et al, 2000). However,
information regarding hematological responses and
vaccine efficacy in goldfish (C. auratus) remains limited.
Therefore, further investigation is necessary to support
disease prevention and improve health management in
ornamental fish culture. This study aims to assess the

impact of varying dosages of A. hydrophila vaccination

(antibody titer),
hematological alterations (hematocrit), and growth

on immunological  responses
performance in goldfish. The results aim to determine
an ideal vaccination concentration for efficient and

sustainable use in aquaculture systems.

Materials and Methods
Fish Samples and Rearing Conditions

Goldfish (C. auratus) were obtained from a local
ornamental fish supplier in Mueang District, Maha
Sarakham Province, Thailand. The fish exhibited an
average body weight of 47.4 + 1.95 g. Before the
experiment, the fish were acclimatized in glass aquaria
for one week to facilitate adaptation to laboratory
the

experimental phases, the fish were administered a

settings.  Throughout acclimatization  and
commercial feed (35% crude protein) twice daily
(morning and evening) at 3% of their body weight. The
experiment was performed in triplicate, and the fish
were raised for two weeks under regulated conditions.
Water

temperature, were consistently observed over the trial

quality measurements, such as pH and
period.
Vaccine and Antigen Preparation

The vaccination utilized in this investigation was
(killed)

hydrophila. The bacterial strain was isolated and

an inactivated vaccine derived from A
cultivated on Brain Heart Infusion Agar (BHIA) and
incubated at 25 °C for 24 to 48 hr. (Akmal et al., 2020;
Austin & Austin, 2016). A single colony was subsequently
injected into 100 ml of Brain Heart Infusion Broth (BHIB)
and cultured at 25 °C for 24 hr. to augment bacterial
cell density. The bacterial suspension was then
collected using centrifugation at 2,500 rpm for 15 min
(Harikrishnan et al., 2003). The pellet underwent three
washes with sterile 0.85% sodium chloride (NaCl)
solution to eliminate contaminants. The bacterial
concentration was further modified to 1 x 102, 1 x 104,
1 x 10% and 1 x 10° cells/ml (Thangaviji et al., 2012).
The bacteria were rendered inactive using heat
treatment at 70 °C for 30 min a conventional technique
employed to maintain antigenic structures while
eradicating pathogenicity (Semwal et al,, 2023; Nayak,
2010). The efficacy of inactivation was validated by re-

culturing the treated bacteria on BHIA plates to confirm
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the lack of bacterial growth before its application as a
vaccination in experimental fish (Akmal et al., 2020).
Immunological Analysis (Antibody Titer Evaluation)

Antibody titers were determined using the direct
agglutination method. Serum samples were serially diluted
using a two-fold dilution series in 0.85% saline solution.
The final volume in each well was adjusted to 50 pl
Subsequently, 50 pl of the prepared antigen was added to
each well, resulting in a series of serum dilutions up to
1:2,048. The plates were gently mixed and incubated at 25
°C for 24 hours. Agglutination results were recorded by
comparison with a negative control containing only saline
solution and antigen. The antibody titer was defined as the
highest serum dilution showing visible agglutination. All
experimental fish were screened for baseline antibody
titers prior to vaccination (Thangaviji et al.,, 2012; Nayak,
2010).
Vaccination Procedure and Experimental Design

The experimental goldfish were randomly
assigned to five treatment groups, each with three
replicates and 15 fish per replicate, following a
completely randomized design (CRD). All treatment
groups received an inactivated A. hydrophila vaccine
prepared by heat inactivation. Vaccination was
administered via intraperitoneal injection at a dose of 1
mlkg body weight. All fish were maintained under
identical environmental and feeding conditions
throughout the experimental period. The experimental
groups were as follows:

Treatment 1 (Control): non-vaccinated

Treatment 2: vaccinated with 1 x 107 cells/ml

ls/ml
Treatment 5: vaccinated with 1 x 10° cells/ml

(
Treatment 3: vaccinated with 1 x 10* cells/ml

Treatment 4: vaccinated with 1 x 10° cel

(

All experimental fish were randomly selected for
blood collection to ascertain baseline levels following
two weeks of feeding. The initial vaccination (primary
vaccination) was subsequently provided. Blood samples
were obtained again two weeks after the main
vaccination to assess the initial immune response. A
booster immunization was delivered three weeks
following the original vaccination, or one week after the
second blood sampling. Blood samples were taken two
vaccination  to  evaluate

weeks  post-booster

the immune response subsequent to immunological
stimulation.

Throughout the experimental duration, growth
performance was assessed by recording body weight at
both the commencement and conclusion of the trial.
Weight gain was assessed to determine growth
performance. The complete trial duration spanned 8
weeks (2 months) under regulated rearing settings.
Hematological Analysis

Hematological parameters of goldfish (C. auratus)
the 2-month

experimental period. Ten fish were randomly selected

were evaluated before and after

from each treatment group for blood collection. Blood
samples were obtained with heparinized syringes to
inhibit coagulation during collection (Hrubec et al,
2000). The
hematological analysis, specifically for the estimation of
(Hct) 2003).

The microhematocrit method was employed to

obtained blood was utilized for

hematocrit (Harikrishnan et al,
measure hematocrit. Blood samples were placed into
capillary tubes (two tubes per sample) and spun in a
hematocrit centrifuge at 11,000 rpm for 5 minutes to

segregate red blood cells from plasma (Hrubec et al,,

2000). The percentage of packed cell volume
(hematocrit) was subsequently measured and
documented.

Statistical Analysis

Differences in antibody titers between the first
and second sampling points, as well as growth
performance among experimental groups, were
analyzed using one-way analysis of variance (ANOVA)
based on a completely randomized design (CRD). Mean
comparisons were performed using Duncan’s New
Multiple Range Test (DMRT) at a 95% confidence level
(p<0.05). All statistical analyses were conducted using
SPSS software (version 17.0).

Ethical Approval

All experimental procedures were conducted in
accordance with ethical standards for scientific research
and the use of animals in research. The study was
approved by the relevant institutional authority, and
the researcher held a valid Animal Use License for
U1045012559,

Scientific (License  No.

ThaiACUQ).

Purposes
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Results and Discussion
Effects of Aeromonas hydrophila Vaccination on
Growth Performance in Goldfish
in Table 1,
significantly

vaccination with A.
the  growth

performance of C. auratus. Fish in all vaccinated groups

As shown
hydrophila influenced
exhibited higher average daily gain (ADG) compared to
the control group (p<0.05). The highest ADG was
observed in fish vaccinated with 1 x 10° cells/ml (0.91
+ 0.04 g/day), although this value was not significantly
different from those in the 1 x 10%and 1 x 10° cells/ml
groups (p>0.05). In contrast, the control group showed
the lowest ADG (0.46 + 0.07 g/day), indicating that
contributed growth

vaccination positively  to

performance.

The enhanced growth observed in vaccinated
fish may be attributed to improved health status and
reduced subclinical infections, which likely facilitated
better feed utilization and metabolic efficiency (Uribe
et al,, 2011). These findings are consistent with previous
studies reporting that vaccination can indirectly improve
growth by minimizing disease-related stress and
enhancing physiological condition. However, increasing
the vaccine concentration beyond 1 x 10° cells/ml did
not result in further significant improvements in growth.
This suggests that excessively high antigen doses may
not provide additional benefits and could potentially
impose physiological stress. Therefore, 1 x 10° cells/ml
appears to be the optimal vaccine concentration for

maximizing growth performance in this study.

Table 1 Average Daily Gain (ADG) of C. auratus after vaccination against A. hydrophila

Average Daily Growth (g/day)

Concentration (ADG)
Means £ SD
control (0) 0.46 + 0.07¢
1 x 102 0.61 + 0.06°
1x10° 0.81 + 0.04°
1x10° 0.91 + 0.04°
1x 108 0.83 + 0.04°

* Means in each column followed by different letters are significantly different at p< 0.05

Hematological Parameters

Hematological parameters, particularly
hematocrit (Hct), were assessed prior to and during the
experimental period to evaluate the physiological
status of goldfish post-vaccination against A. hydrophila.
Blood samples were obtained from 10 fish per
treatment group for a duration of 2 months. The findings
indicated that hematocrit levels were not substantially
different among treatment groups at both sample
intervals (week 3 and week 6) (p>0.05). Nonetheless,
minor discrepancies were noted among the therapies.
During week 3, the peak hematocrit (Hct) value was
noted in fish immunized with 1 x 10° cells/ml (25.60 +
0.52%), whereas in week 6, the highest value was
obtained in the 1 x 10° cells/ml cohort (27.00 + 1.00%)
(Table 2). Despite the absence of statistically significant
differences, hematocrit values exhibited a tendency to

rise from the first to the second sample across all

treatment groups. This tendency may signify an
enhancement in physiological condition over time.
The elevation in hematocrit aligns with the superior
growth performance noted in vaccinated fish, indicating
higher oxygen transport capacity and overall metabolic
efficiency. Vaccination is an effective strategy for
controlling bacterial diseases caused by A. hydrophila
in aquaculture. Following vaccination, fish immune
systems are stimulated through both innate and
adaptive immune responses, leading to increased
phasgocytic activity, cytokine production, and antibody
synthesis, particularly immunoglobulin M (IgM) (Ellis,
2001; Uribe et al,, 2011). Injectable vaccines have been
reported to enhance immune responses, improve
hematological parameters such as hematocrit levels,
and increase survival rates following bacterial challenge
tests (Plant & LaPatra, 2011). Hematocrit serves as a
crucial

measure of piscine health and signifies
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the oxygen transport capability of blood (Clauss et al.,
2008). The

treatments indicates that the immunization did not

lack of notable differences among

provoke  hematological  stress or  detrimental

physiological effects. Previous research has shown

analogous findings, suggesting that vaccination does not
substantially modify hematological parameters but may
enhance physiological state and immunological
competence (Hrubec et al,, 2000; Harikrishnan et al,,

2003; Fazio, 2019).

Table 2 Hematocrit of C. auratus after vaccination against A. hydrophila

Hematocrit, Hct

Concentration % (Means * SD)
First (weeks 3) Second (weeks 6)
control (0) 24.76 + 0.40° 25.33 + 0.76°
1x 102 25.00 + 0.86° 26.00 + 1.00°
1 x 10* 25.00 + 1.00° 25.83 + 1.04°
1x10° 25.60 + 0.52° 26.00 + 1.00%
1x 108 25.33 + 0.57° 27.00 + 1.00°

* Means followed by the same letters within rows are not significantly different at p>0.05

Table 3 Antibody titer of C. auratus after vaccination against A. hydrophila

Concentration

Antibody titer (logio)
(Means * SD)

First (weeks 3)

Second (weeks 6)

control (0) 0.06 + 0.00* 0.09 + 0.03*
1x 107 0.63 + 0.038¢ 231 + 0.03*
1x 10 1.14 + 0.06% 2.69 + 0.01%°
1x10° 1.23 + 0.03% 3.19 + 0.06"
1x 108 1.29 + 0.03% 3.22 + 0.03"

* Means followed by different lowercase letters within columns and different uppercase letters within rows indicate significant

differences at p<0.05.

Antibody Titer Response

The antibody titers of goldfish (C. auratus) were
assessed utilizing the direct agglutination technique.
Baseline antibody levels were evaluated before
immunization. Table 3 demonstrates that antibody titers
significantly increased in all vaccination groups relative to
the control group (p<0.05).

Subsequent to the initial vaccination (week 3),

antibody titers exhibited a steady increase correlating

with elevated vaccine concentrations, varying from 0.63
+ 0.03 to 1.29 + 0.03 (logi). Following the booster
vaccination at week 6, a significant elevation in antibody
titers was noted across all vaccinated cohorts, with
values spanning from 2.31 + 0.03 to 3.22 + 0.03. The peak
antibody titers were seen in the 1 x 10° and 1 x 10°
cells/ml groups, with no statistically significant difference

between these treatments (o > 0.05) (Figure 1).
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Figure 1 Antibody titer of C. auratus after vaccination against A. hydrophila

The significant increase in antibody titers from
week 3 to week 6 indicates a strong secondary immune
response, indicating the formation of immunological
This facilitated
by B lymphocytes, which develop into plasma cells and

memory. reaction is  chiefly
generate specific antibodies targeting A. hydrophila.
In teleost fish, immunoglobulin M (IgM) is the primary
antibody responsible for humoral immunity, essential
for  pathogen  neutralization and  elimination
(Magnadattir, 2006; Uribe et al., 2011).

The increased antibody production noted in this
inactivated

study illustrates the efficacy of the

vaccination in eliciting adaptive immunological
responses. The results align with other research
indicating that vaccination against A. hydrophila
markedly elevates antibody levels and enhances illness
resistance in goldfish (Semwal et al,, 2023; Han et al,
2019; Akmal et al, 2020, Thangaviji et al, 2012).
Although the antibodly titer in the 1 x 10° cells/ml group
was the highest, it was not significantly different from
that of the 1 x 10° cells/ml group. The vaccine
concentration of 1 x 10° cells/ml seems to be the most
suitable for practical application in aquaculture
systems, taking into account both immune response

and growth performance.

Conclusion

This study demonstrated that vaccination with an
inactivated A. hydrophila vaccine effectively enhanced
the immune response of goldfish (C. auratus) without
causing adverse effects on hematological parameters.
Among the tested concentrations, 1 x 10° cells/ml
resulted in the highest growth performance (0.91 + 0.04
g/day) and induced a strong antibody response
comparable to that of the highest concentration
1 x 10° did not

differ significantly among treatments, indicating that

cells/ml). Hematocrit values
the vaccine was physiologically safe for the fish. The
stable hematocrit levels may indicate normal blood
regulation and the absence of severe stress or adverse
effects following vaccination. In contrast, antibody titers
increased significantly following booster vaccination,
reflecting enhanced adaptive immune response and
immunological memory. The results indicate that
a vaccination concentration of 1 x 10° cells/ml is ideal
for optimizing immunological stimulation and growth
performance in goldfish. This concentration is thus
advised for practical use in ornamental aquaculture.
Although vaccination is an effective strategy for disease
prevention, its application in the ornamental fish

industry remains limited due to economic constraints
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and labor-intensive administration methods. Future
studies should focus on improving vaccine delivery
strategies, such as oral or immersion methods, and
evaluating the use of adjuvants to enhance vaccine

efficacy and practicality.
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Rec;lved: 24 Mqrch 2026 Due to the increasing prevalence of Aeromonas hydrophila infections in ornamental
Revised: 23 April 2026 fish culture, the development of effective preventive strategies has become increasingly important.
Ach:pted: 17 June 2026 In this study, a vaccine against A. hydrophila was developed and evaluated in goldfish (Carassius
Online published: 29 June 2026 auratus) with an average body weight of 47.40 + 1.95 g. The fish were randomly assigned to five
Keyword experimental groups based on vaccine concentration: control (0), 1 x 102, 1 x 104, 1 x 105, and 1 x
Goldfish (Carassius auratus) 10® cells/ml. All groups, except the control group, received vaccinations derived from A.
Aeromonas hydrophila hydrophila. The results indicated that the group inoculated with 1 x 10° cells/ml exhibited the
Vaccination highest specific growth rate, at 0.91 + 0.04 g/day. Hematocrit (%Hct) values showed no significant
Immunological response differences among the treatment groups (p> 0.05). The antibody titer in the 1 x 10°cells/ml group
Hematological parameters was 3.19 + 0.06, which did not differ significantly from that in the 1 x 10% cells/ml group (3.22 +
Antibody titer 0.03), the highest value recorded in this study. Therefore, the optimal vaccine concentration was

determined to be 1 x 10° cells/ml.
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Introduction

Rice (Oryza sativa L.)is a staple food for over half of the
world's population and is essential in Asian countries. In
Thailand, especially in the Northeastern region including Roi Et
Province, rice cultivation is a primary agricultural activity and
an important cultural heritage. However, the increasing
demand for high-yielding rice varieties has led to a marked
reduction in the cultivation and diversity of indigenous rice,
posing a risk to genetic diversity and potentially overlooking
unigue nutritional and bioactive properties. According to the
the IRRI (2023) gene bank preserves over 6,321 rice
accessions from Thailand and has repatriated more than
7,000 samples to Thailand for genetic research since 1976,
but fewer than 100 varieties remain in regular cultivation, with
the Northeastern region—including Roi Et—showing one of
the steepest declines in indigenous-variety planting area
over the past two decades. Recent studies have highlighted
the importance of preserving rice biodiversity. Vanlalsanga et al.
(2019) demonstrated that indigenous rice varieties possess

unique genetic traits crucial for developing climate-resilient

*Corresponding author
E-mail address: stchanyarin@gmail.com (C. Somporn)

cultivars. Furthermore, Mbanjo et al. (2020) reported that
many traditional rice varieties contain higher levels of
bioactive compounds than modern high-yielding varieties,
suggesting their potential as functional foods.

Indigenous rice varieties, despite their lower yield,
offer several advantages over modern varieties, including better
adaptation to local environmental conditions and higher
content of phytochemicals and antioxidants. Zhang et al. (2010)
conducted a comprehensive review of the health benefits of
colored rice, reporting strong evidence for its anti-inflammatory,
anti-diabetic, and anti-cancer properties. Germination has been
found to enhance the nutritional value and bioactive
compound content in rice. A recent study by Tsou et al. (2024)
demonstrated that germination can increase the Y-
aminobutyric acid (GABA) content in rice by up to 70%,
suggesting potential applications in functional foods targeting
stress reduction and improved sleep quality. These findings
indicate the potential of value-added products derived from

indigenous rice varieties, which could enhance their economic

Online print: 30 June 2026 Copyright © 2026. This is an open access article, production, and hosting by Faculty of Agricultural Technology, Rajabhat
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viability and contribute to their preservation, thereby benefiting
local farmers and the Thai rice industry.

One promising avenue for value addition is the
development of instant tea products from germinated brown
rice. The global instant tea market is expected to grow at a
CAGR of 6.2% from 2022 to 2030, with functional and herbal
teas being the fastest-growing segment (Zohora et al., 2022).
Foam-mat drying, a technique used to produce instant
powders, has shown potential for preserving heat-sensitive
nutrients and bioactive compounds (Sufer et al, 2024).
Recent advancements in this technology, such as the
incorporation of natural gums and cellulose derivatives as
foaming agents, have further improved its efficiency (Abd El-
Salam et al,, 2021). However, the optimal processing conditions
for producing instant germinated rice tea while preserving its
nutritional and functional properties have not been fully
explored. Therefore, this study aimed to: (1) investigate the
diversity of indigenous rice varieties in Roi Et Province,
Thailand, in terms of their nutritional composition; (2)
examine the antioxidant capacity and phenolic compound
content of these indigenous rice varieties; and (3) determine an
appropriate  methylcellulose (methocel) concentration for
producing instant germinated brown rice tea as a value-added
product. The findings provide quantitative data for selecting
pigmented indigenous rice varieties as functional-food raw
materials, and identify processing conditions that retain
bioactive compounds, thereby supporting both biodiversity
conservation and the development of rice-based functional

beverages.

Materials and methods
Rice varieties and sample preparation

Twenty-three indigenous rice varieties were collected
from a comprehensive survey conducted in Roi Et Province,
Thailand, encompassing 2,412 villages across 193 subdistricts in
20 districts

underwent a series of preparation steps: rice grains were

in November 2023. Paddy rice samples

soaked in water at a 2:1 ratio (water : grain, by volume) at
30 °C for 6 hr. Soaked samples were incubated at 25 °C with
a relative humidity of 75-85% for 24 hr to induce
germination. After germination, samples were washed with
tap water and oven-dried at 50 °C for 12 hr. Dried rice
samples were ground using an ultra-centrifugal mill (ZM 200,
Retsch, Germany), and the resulting powder was sieved
through a sieving and fractioning machine (AS200-Digit,
Retsch, Germany) to obtain rice powder of 60-mesh particle
size. The prepared samples were stored in sealable

polyamide (PA) plastic bags at 4 °C until further analysis. For

the development of the instant germinated brown rice tea
(foam-mat drying experiment), the three pigmented varieties
with the highest total

antioxidant activity—Kum Bai Khiaw, Kum Noi, and Hom Nil

phenolic content and DPPH

Pluerk Dum—were selected as raw materials and blended
in equal proportions (1:1:1, w/w/w) to produce the test tea
base.
Chemical composition analysis

Rice powder samples were subjected to chemical
composition analysis following AOAC (2000) methods, with
slight modifications as described by Sompomn et al. (2011).
The parameters assessed included moisture content,
determined by oven drying at 105 °C until a constant weight
was achieved; ash content, measured using a muffle furnace
at 550 °C; crude protein, analyzed via the Kjeldahl method
with a conversion factor of 5.95; crude fat, extracted using
the Soxhlet method with petroleum ether as the solvent;
and dietary fiber, determined using the AOAC (2000)
method. Total carbohydrate content was calculated by
difference. All analyses were performed in triplicate.
Assessment of antioxidant capacity
DPPH radical scavenging activity

The DPPH radical scavenging activity of rice extracts
was determined using the 1,1-diphenyl-2-picrylhydrazyl
(DPPH) method, with butylated hydroxyanisole (BHA) serving
as a positive standard. DPPH and BHA (Sigma-Aldrich, USA)
were prepared at concentrations of 50, 100, and 200 ppm in
methanol. The assay involved mixing 100 ul of the sample
solution with 5 ml of 0.1 mM methanolic DPPH solution,
followed by vigorous shaking and incubation in the dark at
room temperature for 20 min. Absorbance was then
measured at 517 nm using a spectrophotometer (Sigma-
Aldrich, USA). A control sample, prepared without any
extract, was used for comparison, and methanol served as
the blank for baseline correction. The radical scavenging
activity (% inhibition) was calculated as: % Inhibition = [(Ag
- A1)/ Agl x 100, where Ag is the absorbance of the control
and A1 is the absorbance of the sample.
Determination of total phenolic content

Total phenolic content (TPC) was determined using
the Folin-Ciocalteu method. Briefly, 1 ml of appropriately
diluted sample or gallic acid standard solution was added
to a 25 ml volumetric flask containing 9 ml of distilled water.
One ml of Folin-Ciocalteu phenol reagent was then added
and mixed. After a 5-min incubation, 10 ml of 7% sodium
carbonate solution was introduced, and the mixture was
thoroughly mixed. The solution was diluted to 25 ml with

distilled water and remixed. After 90 min of incubation at
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room temperature, absorbance was measured at 765 nm.
Total phenolic content was expressed as milligrams of gallic
acid equivalents (GAE) per 100 g of sample.
Production of instant germinated brown rice tea
Preparation of roasted germinated brown rice

Roasted germinated brown rice was prepared
following the method of Parnsakhorn & Langkapin (2021).
Germinated brown rice was roasted until the grains swelled
and developed a fragrant aroma (approximately 5 min). A
33.3 g portion of the roasted rice was soaked in 100 ml of
water (1:3, w/v) at 60 °C in a temperature-controlled water
bath with intermittent stirring every 10 min for 45 min. The
infusion was filtered through white filter cloth and cooled
to room temperature before being used as the tea base for
the foam-mat drying experiment.
Foam-mat drying process

In the foam-mat drying process, 500 ¢ of roasted
germinated brown rice was soaked in 1,500 ml of water and
subsequently mixed with methylcellulose (methocel) at
concentrations of 1.00%, 1.50%, and 2.00% (w/w). The
mixture was blended at maximum speed for 15 min to
generate foam. Methocel acts as a surface-active
hydrocolloid: its amphiphilic methyl-ether substitutions
adsorb at the air-water interface, lowering surface tension
and forming a viscoelastic film around air bubbles. This film
stabilizes the foam against drainage and coalescence during
whipping, and on drying it leaves a porous matrix with
greatly increased surface area, which facilitates moisture
removal and improves the rehydration behavior of the final
powder (Sangamithra et al., 2015). A 150 g portion of the
resulting foam was evenly spread onto each drying tray. The
foam was dried in a hot-air oven at 50 °C, 60 °C, and 70 °C
until a constant moisture level was achieved.
Physical and chemical analysis of instant tea

The physical and chemical properties of the instant
tea powder were evaluated as follows. Solids content was
assessed both before and after methocel addition. Water
activity (aw, the ratio of the vapor pressure of water in the
product to that of pure water at the same temperature) was
measured with an Aqualab water-activity meter, and
moisture content was determined gravimetrically and
expressed on a dry-basis (% d.b.). Solubility, rehydration,
and dissolving time were determined following standard
procedures, and anthocyanin content was quantified by the
pH-differential

colorimeter to obtain L¥, a*, and b* values. The antioxidant

method. Color was measured with a
activity of the instant tea was evaluated using the DPPH

assay as described above.

Phenolic extraction

For the extraction of phenolic compounds from the
instant tea powder, a 50 g sample was mixed with 100 ml
of acidified methanol (methanol : acetic acid, 100:1, v/v),
blended, and incubated in the dark at 35 °C for 12 hr. The
mixture was then filtered and centrifuged at 4,000 rpm, and
the supernatant was evaporated at 30-40 °C. The residue
was dissolved in 25 ml of an aqueous solvent system (80:20,
v/v), filtered through Whatman grade 4 paper and anhydrous
sodium sulfate, and evaporated again at 35-40 °C. The
extract was reconstituted to 5 ml with a 50:50 (v/v) aqueous
solvent and filtered through a 0.45 pm membrane. The
recovered phenolic extract was used for the subsequent
total phenolic content (Folin-Ciocalteu) and DPPH assays.
Consumer acceptance evaluation

The consumer acceptance test was conducted by
assessing sensory attributes using 50 selected panelists,
randomly recruited from the target consumer group.
Panelists were 20-60 years old, in good health, with no
history of food allergies or other conditions that could affect
taste perception, and were interested in consuming health
products such as germinated brown rice tea. Each panelist
tasted instant germinated brown rice tea prepared by mixing
1 g of tea powder with 10 ml of hot water. Sensory
attributes—appearance/color, smell, flavor, and overall
liking—were rated on a 9-point hedonic scale (1 = dislike
extremely, 9 = like extremely). The study protocol was
reviewed and approved by the Institutional Human Research
Ethics Committee, and written informed consent was
obtained from all participants prior to testing.
Statistical analysis

All experiments were carried out in triplicate. Data
were subjected to analysis of variance (ANOVA), and mean
comparisons were performed using Duncan’s multiple-range
test at a significance level of p < 0.05. Statistical analysis was
performed using SPSS software version 24 (SPSS Inc,
Chicago, IL, USA).

Results and Discussion
Nutritional composition of indigenous rice varieties

The proximate composition and pericarp color of 23
indigenous rice varieties collected in Roi Et Province,
Thailand, are presented in Table 1. Carbohydrate content
ranged from 72.50% to 76.83%, with Kiaw Ngu exhibiting the
highest value (76.83 + 0.29%) and Kum Noi the lowest (72.50
+ 0.50%). Dietary fiber content varied significantly among the
varieties, with Niaw Hom Phu Phan showing the highest fiber
content (4.97 + 0.06%) and Dok Ma-kham the lowest (2.40



C. Somporn / (PRAWARUN AGRICULTURAL JOURNAL 2026) 23(1): 39-49 42

+ 0.10%). Fat content ranged from 2.03% to 3.43%, with Mali
Nil exhibiting the highest fat content (3.43 + 0.12%) and
Pama Noi the lowest (2.03 + 0.06%). Protein content showed
less variation, ranging from 0.58 + 0.13% to 1.16 + 0.14%,
with Hom Mali Daeng containing the highest protein content
(1.16 + 0.14%) and Mali Daeng the lowest (0.58 + 0.13%).
These results highlight the nutritional diversity
among indigenous rice varieties, which is consistent with
previous studies. Butsat & Siriamornpun (2010) reported
similar ranges of carbohydrate (73.7-76.4%) and fat (2.1-
3.1%) content in Thai rice varieties, although their protein

values were notably higher (7.6-9.2%). The lower protein

values observed in the present study could be attributed to
variations in cultivation practices, soil-nitrogen availability,
environmental conditions, varietal genetic background, and
differences in analytical methodology. The high dietary fiber
content observed in some varieties, particularly Niaw Hom
Phu Phan, is noteworthy. Dietary fiber has been associated
with various health benefits, including improved digestion,
blood glucose regulation, and reduced risk of cardiovascular
disease (Lattimer & Haub, 2010). These high-fiber rice
varieties could be promoted for their health-promoting
properties.

Table 1 Pericarp color and proximate composition (carbohydrate, dietary fiber, fat, and protein) of 23 indigenous rice varieties collected from Roi Et Province,

Thailand

Rice variety Pericarp color Carbohydrate (%) Dietary fiber (%) Fat (%) Protein (%)
Dok Ma-kham White 73.530.50™ 2.40+0.10° 3.03+0.06™ 1.09+0.18%
Hom Baitoei White 74.67+0.55° 2.42+0.15° 3.00£0.01%° 1.05+0.17%°
Hom Nil Dark purple 75.73+0.31%° 2.57+0.10° 2.43+0.06™ 0.86+0.13%
Mali Daeng Red 76.30+0.26° 4.40+0.06" 2.33+0.15° 0.58+0.13°
Hom Mali Nil Dark purple 76.80+0.26° 4.030.12%° 2.30+0.17° 0.8620.12"
Rice Berry Dark purple 76.67+3.58° 4.39+0.06" 2.33+0.58° 0.99+0.12°
Niaw Hom Phu Phan Light brown 75.1540.61%° 4.97+0.06° 2.67+0.06° 0.9320.15"
Vessandom White 75.20+0.72%° 3.4320.12° 2.97+0.06a° 1.05+0.17%°
Kum Noi Dark purple 72.500.50° 3.07+0.10™ 2.5120.02b" 0.88+0.14°
Pama Noi Red 75.00+1.00°° 4.10£0.06™ 2.03+0.06 1.05+0.17%°
Kiaw Ngu White 76.83+0.29° 3.27+0.06> 2.97+0.06™ 1.03+0.17%
Mali Nil Dark purple 75.00+1.00 3.03+0.06> 3.43+0.12° 0.87+0.14%
Hom Nil Pluerk Dum Dark purple 73.67+0.58" 4.03+0.17% 2.43+0.06™ 0.89+0.13%
Niaw Daeng Red 74.63+0.58" 4.100.12% 2.40+0.17% 0.90+0.13°
Kum Bai Khiaw Dark purple 74.3340.58° 4.07+0.10 2.33+0.58° 1.00+0.18°
Pama Red 73.33+0.58° 4.00+0.10™ 3.03+0.06™ 1.06+0.17%°
Kum Namg Paya Dark purple 74.3320.58° 3.10+0.06" 2.65+0.07" 0.9320.15°
Niaw Kiaw Ngu White 75.86+0.32%° 3.97+0.13% 2.40+0.34> 0.97+0.13°
Hom Mali Daeng Red 73.87+0.23™ 3.6520.50° 2.77+0.21° 1.16+0.14°
Khao Dawk Pa-yawm White 76.33+0.58° 4.50+0.20° 2.97+0.06™ 1.06+0.16
Pla Sew White 74.3320.58° 2.9020.10™ 2.80+0.10% 1.00+0.16%
RD6 White 75.33+0.58% 3.6020.10° 2.67+0.13" 0.97+0.14°
Niaw Hom White 75.30+0.58%° 3.4320.15° 2.47+0.12° 0.91+0.14°

Note: Values are expressed as mean =+ standard deviation (SD) of three independent experiments, on a dry-weight basis. Pericarp color was recorded

visually following standard rice color descriptors. Means within the same column followed by different superscript letters are significantly different at

p<0.05.

Antioxidant ~activity and total phenolic content of
indigenous rice varieties
The (measured by DPPH

scavenging assay) and total phenolic content (TPC) of the 23

antioxidant  activity

indigenous rice varieties are presented in Table 2. The
results reveal substantial variation in both parameters across
the varieties. DPPH scavenging activity ranged from 10.50%
to 78.40% inhibition, with Kum Noi demonstrating the
highest antioxidant activity (78.40 + 1.58%) and Khao Dawk
Pa-yawm the lowest (10.50 + 0.20%). Similarly, TPC varied
widely from 9.40 to 113.73 mg GAE/100 ¢ sample, with Kum
Bai Khiaw showing the highest TPC (113.73 + 4.04 mg

GAE/100 g) and Pla Sew the lowest (9.40 + 2.26 mg GAE/100
g). A strong positive correlation was observed between DPPH
scavenging activity and TPC (p<0.05), indicating that
phenolic compounds contribute substantially to the
antioxidant properties of these rice varieties. This correlation
aligns with findings from previous studies on rice and other
cereal grains (Gong et al., 2017; Zhang et al., 2010).
Notably, several pigmented rice varieties—Kum Noi,
Hom Nil Pluerk Dum, Niaw Daeng, Hom Mali Daeng, and Kum
Bai Khiaw—exhibited substantially higher antioxidant activity
and TPC than non-pigmented varieties. As shown in Table 1,

these varieties have dark-purple or red pericarps. This finding
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is consistent with research indicating that pigmented rice
varieties, particularly those with dark-purple or red bran,
tend to have higher antioxidant content due to the presence
of anthocyanins, proanthocyanidins, and other phenolic
compounds (Shao et al., 2018). The considerable variation
in antioxidant properties among these indigenous varieties
highlights their potential as functional food ingredients.

Varieties such as Kum Bai Khiaw and Kum Noi, which
combined the highest TPC and antioxidant activity, are
particularly suitable candidates for the development of
nutraceuticals and functional foods aimed at preventing

oxidative-stress-related diseases (Zaupa et al., 2015).

Table 2 Antioxidant activity (DPPH scavenging activity assay) and total phenolic content (TPC) of 23 indigenous rice varieties collected from Roi Et Province,

Thailand
Rice variety DPPH (% inhibition) TPC (mg GAE/100 g sample)
Dok Ma-kham 16.39+4.26% 12.90+0.85%
Hom Baitoei 13.28+2.37° 16.16+1.40%
Hom Nil 42.8312.15° 53.7623.60°
Mali Daeng 54.21+2.49° 102.13+4.25%
Hom Mali Nil 44.92+1.04° 56.30+3.37°
Rice Berry 55.69+0.93° 84.60+4.49°
Niaw Hom Phu Phan 20.50+0.68° 16.86+2.79%
Vessandom 22.83+0.97° 15.00+1.03%
Kum Noi 78.40+1.58° 104.00+4.60™
Pama Noi 23.97+2.87° 18.763.04%
Kiaw Ngu 23.70+2.00° 25.702.51°
Mali Nil 44.92+1.04° 56.30+5.37°
Hom Nil Pluerk Dum 72.87+0.30% 100.73+1.94%°
Niaw Daeng 69.88+0.26™ 101.500.26™
Kum Bai Khiaw 60.39£0.98%° 113.73+4.04°
Pama Noi 23.97+2.87° 18.76+3.04%
Kiaw Ngu 23.74+2.00° 25.702.51¢
Mali Nil 44.92+1.04° 56.30+5.37°

Hom Nil Pluerk Dum

72.87+0.34%

100.73+1.94%°

Niaw Daeng 69.88+0.26™ 101.50+0.26™
Kum Bai Khiaw 60.39+0.98 113.73+4.04°
Pama 23.76+1.91° 18.76+1.04%
Kum Namg Paya 37.43+2.41% 42.63+0.95°
Niaw Kiaw Ngu 20.18+1.22° 16.90+1.45°
Hom Mali Daeng 70.15+2.97% 85.52+3.62°
Khao Dawk Pa-yawm 10.500.20° 19.56+4.76°
Pla Sew 18.58+0.80% 9.40+2.26'
RD6 27.21+0.07° 19.03+0.61°
Niaw Hom 27.21+0.19" 19.03+0.43°

Note: Values are expressed as mean + SD of three independent experiments. Means within the same column followed by different superscript letters are

significantly different at p<0.05.

Physical properties of instant germinated brown rice tea
The physical transformation of the germinated
brown rice tea base during the foam-mat drying process is
illustrated in Figure 1, which shows three sequential stages
of foam development: (a) the initial well-mixed slurry
without foam, (b) an unstable, partially collapsed foam, and
(c) the final stable foam used as feed for foam-mat drying.
The

successful incorporation of methocel as a foaming agent

stable foam structure (Figure 1c) demonstrates

and is essential for maintaining foam integrity during drying
(Raharitsifa & Ratti, 2010). The progression from (a) to (c)
confirms that increasing methocel concentration and
adequate whipping are necessary to generate the
viscoelastic film that supports stable foam, which in tum
allows the formation of a porous powder matrix with rapid
dissolution potential and a low equilibrium moisture
content consistent with extended shelf-life (Kalambe &

Guhe, 2026)
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Good mixture without foam

Unstable foam

Stable foam

Figure 1 Sequential stages of foam development for foam-mat drying of instant germinated brown rice tea: (a) good mixture without foam, (b) unstable foam,

and (c) stable foam used as feed for foam-mat drying

Color measurements of the instant germinated
brown rice tea produced through foam-mat drying are
presented in Table 3. The results showed minimal changes
in color parameters (L*, a* and b*) between the foam
(before drying) and powder (after drying) stages across the
three methocel concentrations (1.00%, 1.50%, and 2.00%).
This indicates that foam-mat drying effectively preserved
the original color of the germinated brown rice base, which
is crucial for maintaining the visual appeal of the final
product.

Water activity (aw)—defined as the ratio of the
partial vapor pressure of water in the product to that of pure
water at the same temperature—and moisture content of
the instant tea samples are shown in Table 4. All samples
exhibited low aw (< 0.31) and moisture content (< 2.66%
d.b.), regardless of methocel concentration. These low
values are essential for ensuring product microbiological
stability and inhibiting microbial growth during storage
(Labuza & Altunakar, 2007). The results suggest that the
foam-mat drying process effectively reduced moisture
content to levels suitable for long-term storage.

Table 3 Color values of instant germinated brown rice tea through foam-mat drying

Levels of methocel Before (foam)

concentration

After (powder)

L* a* b* L* a* b*
1.00 86.38+6.26™ 2.03+1.56 5.80+1.09 84.61+5.88 4.28+2.32 5.22+0.80
1.50 86.28+6.35 2.05+1.57 5.79+1.16 84.61+5.89 4.28+2.31 5.21+0.81
2.00 86.25+6.36 2.06+1.57 5.86+1.10 84.59+5.88 4.29+2.31 5.22+0.81

Note: The values represent the means of three independent experiments + standard deviation (SD).

"=Means of the color values are not significantly different at p<0.05.

Table 4 Water activity (a,) and humidity of instant germinated brown rice tea through foam-mat drying

Levels of methocel concentration EW Humidity (% d.b.)
1.00 0.31+0.03™ 2.11+0.92
1.50 0.30+0.01 2.11+0.92
2.00 0.30+0.02 2.66+0.86

Note: Values represent the means of three independent experiments + standard deviation (SD).

"=Means of the water activity (a,) and humidity values are not significantly different at p<0.05.

The stability, rehydration, and dissolving time of the
instant tea samples are presented in Table 5. Foam stability
slightly increased with higher methocel concentrations,
although the differences were not statistically significant
(p>0.05). Rehydration rates were high (> 92%) for all
samples, indicating reconstitution

good properties.

Dissolving time decreased significantly (p<0.05) with

increasing methocel concentration, from 5.06 + 0.50 min at
1.00% to 3.33 + 1.20 min at 2.00%. This improvement in
dissolving time can be attributed to the enhanced foam
structure and the consequent increase in surface area of the
porous powder matrix generated at higher methocel
concentrations (Karim & Wai, 1999).
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Table 5 Stability, rehydration, and dissolving time of instant germinated brown rice tea

Levels of methocel concentration (percentage by Stability Rehydration Dissolving
weight) (mU/min) (percentage) (min)

1.00 1.85+1.06™ 92.71+7.18"™ 5.06+0.50"

1.50 1.88+1.08 92.58+7.41 4.28+0.78%

2.00 1.95+1.14 92.12+7.82 3.33+1.20°

Note: Values are expressed as the mean + standard deviation of three independent experiments.

"=Means of the stability, rehydration, and dissolving time values are not significantly different at p<0.05.

Bioactive compounds and antioxidant activity of instant
germinated brown rice tea
The

antioxidant activity in the instant germinated brown rice tea

contents of bioactive compounds and
samples are presented in Table 6. Anthocyanin content
remained essentially constant (0.09 pg CGE/g DW) across all
three  methocel concentrations, with no significant
differences among treatments (p>0.05), suggesting that the
foam-mat drying process did not adversely affect
anthocyanin stability. This stability is consistent with the
findings of Goufo & Trindade (2014), who reported that
appropriately optimized drying techniques can effectively
preserve anthocyanins in plant-based products. Total
phenolic content of the instant tea showed only marginal
variation across methocel concentrations (2.60-2.64 mg

GAE/g DW), and the differences were not statistically

significant (p> 0.05). This minimal variation aligns with
Carciochi et al. (2016), who demonstrated that optimized
drying conditions can minimize the loss of phenolic
compounds in thermally processed plant matrices. DPPH
antioxidant activity ranged from 29.39% to 31.22%
inhibition, with the highest value at 1.00% methocel;
differences among the three concentrations were not
(p>0.05). These
comparable to those reported by Vichit & Saewan (2015) for

statistically ~ significant values are

various Thai herbal teas, indicating that the instant
germinated brown rice tea retains substantial antioxidant
capacity. Overall, the choice of methocel concentration
within the tested range (1.00-2.00%) did not substantially
impact the bioactive profile of the final product, which is
advantageous for product formulation and scale-up (Kumar
et al,, 2022).

Table 6 Content of anthocyanin, phenolic compounds, and antioxidant activity in instant germinated brown rice tea

Levels of methocel Anthocyanin

Total phenolic compounds Antioxidant activity

concentration (Mg CGE/g DW) (mgGAEg/DW) DPPH (% inhibition)
1.00 0.09+0.04™ 2.64+0.30™ 31.22+2.80™
1.50 0.09+0.03 2.63+0.26 29.39+3.79
2.00 0.09+0.04 2.60+0.27 30.14+1.66
Note: Values represent the mean + SD of three independent experiments.
Means within the same column followed by different letters indicate statistically significant differences at p<0.05.
Sensory evaluation of instant germinated brown rice tea however,  differences between  1.50% and 2.00%

Consumer sensory evaluation results for the instant
germinated brown rice tea are presented in Table 7. Higher
methocel concentrations resulted in improved sensory
scores across all attributes (color, smell, flavor, and overall
liking). The tea produced with 2.00% methocel received the
highest scores for color (7.63 + 1.50) and smell (6.66 + 1.66),
while the 1.50% concentration scored highest for flavor (6.36
+ 2.12) and overall liking (7.03 + 1.30). Statistical analysis
revealed significant differences (p<0.05) between the 1.00%
concentration and higher concentrations for most attributes;

concentrations were generally not significant, except for color.
These results suggest that increasing methocel concentration
beyond 1.50% does not provide substantial improvements in
sensory acceptance. The improved sensory scores at higher
methocel concentrations can be attributed to better foam
stability during drying, resulting in a more uniform and visually
appealing final product, and to the faster dissolving time
observed at higher concentrations (Table 5), which likely
contributed to improved flavor perception and overall liking.
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Table 7 Sensory evaluation of the germinated brown rice tea produced through foam-mat drying

46

Sense

Concentration

1.00 1.50 2.00
Color 5.56+1.89" 6.33+1.82% 7.63+1.50°
Smell 5.23+1.94° 6.36+1.90° 6.66+1.66°
Flavor 5.13+2.08" 6.36+2.12° 6.20+2.00%°
Overall linking 5.46+1.90° 7.03+1.30° 7.16+1.34°

Note: Values represent the mean = SD of three independent experiments.

Means within the same column followed by different letters indicate statistically significant differences at the 0.05 level.

Conclusion

This study characterized 23 indigenous rice varieties
from Roi Et Province, Thailand, and demonstrated the
feasibility of using foam-mat drying to develop an instant
germinated brown rice tea from selected pigmented
varieties. Among the varieties screened, the dark-purple
pigmented varieties Kum Bai Khiaw (113.73 mg GAE/100 ¢)
and Kum Noi (78.40% DPPH inhibition) showed the highest
total phenolic content and antioxidant activity, respectively,
them candidates for  functional-food

making strong

applications. Foam-mat drying  with  methylcellulose
(methocel) at 1.50-2.00% produced an instant tea powder
with low water activity (<0.31), high rehydration (> 92%),
short dissolving time (3.33-4.28 min), retained anthocyanin
and phenolic content, and the highest consumer sensory
indicate that

indigenous-rice varietal selection with foam-mat drying is a

acceptance. These findings integrating
practical pathway for converting under-utilized local rice
biodiversity into market-ready functional beverages. Future
work should: (1) quantify and identify individual phenolic
compounds in the most promising pigsmented varieties by
HPLC-DAD or LC-MS to provide chemical fingerprints; (2)
evaluate storage stability (color, anthocyanins, phenolics,
antioxidant activity) of the instant tea powder under
different packaging and temperature conditions for at least
six months; (3) assess in vitro and in vivo biocavailability of
the bioactive compounds, including GABA, after rehydration;
and (4) scale up the process to pilot-plant level and
conduct a techno-economic analysis to support
commercialization with smallholder rice farmers in Roi Et

Province.
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ABSTRACT
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This study investigated the diversity of indigenous rice varieties in Roi Et Province, Thailand,
examined their nutritional content, antioxidant capacity, and phenolic compound content; and
determined optimal methylcellulose (methocel) levels for producing instant germinated brown rice
tea. Twenty-three rice varieties were analyzed for nutritional composition, antioxidant capacity,
and total phenolic content. Kiaw Ngu showed the highest carbohydrate content (76.83%), while
Niaw Hom Phu Phan exhibited the highest dietary fiber (4.97%). Kum Bai Khiaw had the highest
total phenolic content (113.73 mg GAE/100 g), and Kum Noi displayed the highest antioxidant
capacity (78.40% DPPH inhibition). For instant tea production, a 2.00% methocel concentration
yielded the highest foam stability (1.95 mL/min) and rehydration capacity (92.12%). Consumer
acceptance was highest for teas containing 1.50% and 2.00% methocel. This study provides
quantitative evidence that selected pigmented indigenous varieties, particularly Kum Noi and Kum
Bai Khiaw, are promising raw materials for functional rice-based beverages, supporting both the
conservation of local rice biodiversity and the development of value-added products for the Thai
functional-food market.
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