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Mercury, as a global heavy metal pollutant, poses a serious threat to human health. The toxicity of mercury depends on its
chemical form. Distinguishing the forms of mercury in the environment is of great significance for mercury management and reducing
human mercury exposure risks.

To establish a non-targeted metallomics method based on synchrotron radiation X-ray fluorescence (SRXRF) spectroscopy
combined with machine learning to screen inorganic mercury (IHg) or methylmercury (MeHg) exposed rice plants.

Rice seeds were exposed to ultra-pure water (control group), 0.1 mg-L™" IHg (IHg group) or MeHg (MeHg group) solutions, re-
spectively. After germination, the seedlings were cultured for 21 d, and rice leaves were collected, dried, weighed, and pressed. The content
of metallome in rice leaves was determined by SRXRF. Machine learning models including soft independent modeling cluster analysis
(SIMCA), partial least squares discriminant analysis (PLS-DA), and logistic regression (LR) were used to classify the SRXRF full spectra of
different groups and find the best model to distinguish rice exposed to IHg or MeHg. Besides, characteristic elements were selected as input
parameters to optimize the model by improving computing speed and reducing model calculation.

The SRXRF spectral intensities of the control group, IHg group, and MeHg group were different, indicating that exposure to IHg
and MeHg can interfere the homeostasis of metallome in rice leaves. The results of principal component analysis (PCA) of SRXRF spectra
showed that the control group could be well distinguished from the mercury exposed groups, but the IHg group and the MeHg group
were mostly overlapped. The accuracy rates of the three models (PLS-DA, SIMCA, and LR) were higher than 98% for the training set, higher
than 95% for the validation set, and higher than 94% for the cross-validation set. Besides, the accuracy of the LR model was higher than
that of the PLS-DA model and the SIMCA model. Furthermore, the accuracy was 92.05% when using characteristic elements K, Ca, Mn,
Fe, and Zn selected by LR to distinguish the IHg group and the MeHg group. Compared with the full spectra model, although the prediction
accuracy of the characteristic spectral model decreased, the input parameters of the model decreased by 99.51%, and precision, recall,
and F1 score were above 84.48%, indicating that the model could distinguish rice exposed to different mercury forms.

Non-targeted metallomics method based on SRXRF and machine learning can be applied for high-throughput screening of
rice exposed to different forms of mercury and thus decrease the risks of people being exposed to mercury.

inorganic mercury; methylmercury; rice; synchrotron radiation X-ray fluorescence; machine learning; non-targeted metallomics
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0.1 mg L™ IHg(IHg £H) T}, 0.1 mg L™ MeHg(MeHg £H) &
REY 15 cm BOIEF MAEE L F (B MEF L RE
50 RIKFEMF, BH="F1TH). 0.1 mg L AHE
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pi = 2P (4)

> e (z)

i9 BB 1. 20 3(92 5SS R 3T BR4H . IHg 42 AN
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pak: 334 WAl SNSRI 8
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[Note] A: Raw spectra, B: Averaged spectra.
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Figure 1 SRXRF spectra of rice leaves exposed to IHg or MeHg
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SRXRF JEIE#H1TT PCA 534To PCA S3 i@ —FhXTEK IR
PREMIERERES L, B PcARREINDE Pc T
ENUBBAIMORIBEER, PC REEMS, Mk
IR RIAIE B W1E 2A B, PC1 NE—EMS,
TEAERN 54.21%; PQRNE_THD, TEAERRN
32.36%; PC3 NE=1EM 5, TEAZE /I 8.16%; PCL.
PC2. PC3 IR EFNEIXE] 94.73%, BEIBRIAIR
YA IE L REBDRIER, BT E B R EE AV
EER, FIER PcA S EIRYET 3 > PCs T T BRE
S, S EIUNE 28 B El, 1 PCA B E A, 211
FEARRBE—#, AR L MERZ BRI

MRS, RZ, MR MERBNSIEE 28, Wik
BRIX S MFEZS 2 B RIAB A4 EE 3. ARYEE] 2B AT A,
XTHRA(RE)NAIEER 3 N ERDPHLEHE
MRS, REBEASHRANTFIEE—EAX
DE, B2 Hg A(FBE) M MeHg H(KE) B IEE
R FESNUR.
2.3 ETF SRXRF £}¢i&X 57 IHg T MeHg KT
£ PCA DATBIEAL £, XF SRXRF Y FIEFHITE
ED . BETF SRXRF £HIERIIEE X 2 R R mAVLE
RNk 1 FiR, = MEER) IR ENAREE ST 98%,
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[Note] A: The contribution rate of the first three PCs. B: Score plot of the first three PCs.
E 2 SRXRF JtigH PCA RbIBLE
Figure 2 Classification of SRXRF spectra by PCA

&1 ET SRXRF £XiENF IRENERE
Table 1 The accuracies of machine learning models based on full
spectra of SRXRF

HERRER (Accuracy)/%

jsm TENM BL=E - - ——
(No. of (Latent pIIIE7 == Loan S RIS
(Model) variable)  variable) (Training  (Validation  (Cross-validation
set) set) set)
PL-SDA 1000 16 98.27 95.78 96.37
SIMCA 1000 17 98.35 96.53 94.44
LR 1000 / 99.20 97.57 95.44

2.4 EFHFHIERIEY R 128X 5 IHg 1 MeHg BE/KTE

NTRABERE, B/MERITEE, ENEH
LR M AERRY SRXRF JEIE AR BIR R MIE R 5 KL R
FHIESIE, B RHEOE M IREL, EAMRH, BT
SRXRF £J¢IEM R IRE DL RRF. BT ENR
BNELEREMNE 3A PIR. FREDEEHIBEARME,
EEZERIENAANE, EIt, BT f#T IR IEE,
AERIBEBESMNEENYEIEMNENRIRFHITK

M, PORHFFEE. SNBEMEMENNESF
TE ¢ Fe fR 4= 1 HA 28 W0E] 3B Frn, 330, 359. 588,
655. 865 @B IHg 5 MeHg IEEIHEAE E R, BT
IEEIRINE 5, XLEBE 7 5IXTRZ K. Caw Mn. Fe. Zn
Tt Ak, ¥EFF 330, 359, 588, 655. 865 F4FIE B
BEEIFHEXIERRT LR 1RE,

ABTTHRIENRES KB EBERS
FHIE AR B B FUNDE 1. TR B TR, e 3
D EIRBIBER EFRTUNRTERLE, B 1Hg A5 MeHg 4
EREIRHBBRE B oM He AEAWIRA A
MeHg £H, 4 > MeHg BIF A #1R ¥ 1Hg 4H, =B
M7 92.05%0

FHIE L E 2 KRBT MN A RANE 48 B, 12
BXOXRANERE. ARIZEM F1155#579 100%,
RARX T Hg AF MeHg LARIEHE. BEIZEM F1 13
DERITERAME, (BE ST 84.48%, IR T HERE
FREFSRIKTE.
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[Note] A: Coefficient weight for each classification. B: Product curve of mean spectra and weight.
3 LMERAYFAER

Figure 3 Detailed information of LR model
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[Note] A: Confusion matrix, B: Classification rendering.
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Figure 4 Performance of LR model with characteristic SRXRF spectra
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HiAFFZ R, IHg 5 MeHg 31 /KRR S 14 G ER
RBER, OEMTATE e BEMHEREE
SEP, XEFFHSHEMERNTRSE(E
BA) TH>, Ak, 5= LUKTESNE R, B
SRXRF 5 M2 F IV IEE IR EBAF /575, MX
NBRBETAEFEERIKTE. SRXRF KIEHARERE
™ EHe BEG, KiEF s Al re tREERH L,
HRAM, kiE Hg BREG, KEBHEZES 2D, K

FIMHEER, s, ol Fe TEWS E5EYNE

YER®*), 1 Hg BEAS THEYI S 70 Fe RYIREX, 52
EYIREIERZEEY Eitk, Hg BE /S, KiEH s ¢
M Fe TESER L BRILLISN, 7E He BEfS, Kigs
B ca. Mn Hl Zn TREEH B, G'EEMEKLE
MUKSNRES MR 5 iR EEER, SEMZ RIS
RIMZRIHET, B ca” RE R ISR S, 48]
AT X LS E S HITE B 5%, M= £ MR
ZERREP zn 1 Mn BIEVMIE KL ELRETEENN
EEATER, MEABRUERNEMRER, SEYT
Wi EEEERCY, MRIBESHNENEIBEKRIE
S MR RMEFMT, B, HkiE He BB, K
TERTREET IBENE 20 2n Ml Mn REMRREESN
| MeHg AR IEREN ST Hg AR
MeHg S| EE T BAHAMNE RN T, AHFE KRB Hg 5
MeHg FUEYIE U E R, &5 PR, @i /K EES%
NEBAHARETHER AIXDFERRETFARAE
BRI FE,

KIRFERA T ARNNBIFEIRE, O &E
FUMEEY, SIMCA i @—METF pcA B BEREN
IRBT 5. BAEFBER S LR, SNEEFHNE

— KRB PCA R ARBRNERZ—E
WERRNERO IR, MTIXTEIEHTHI BT,
PLS-DA B— B R EMFIF ST A%, FEE @I
BEETE57XTEZENEIRE, REEHIE
N5 2 REXNFITT E, LIMEIEN 2 FEMIRG,
BEMS AR RER M TS5 IE L B RY 92 KRN HI 5 9], =2
BERNSEE X, R REBTFAMRISE,
BREEF IO, BN EUETERARMEHRTE
MBI A, 45 R B R SIMCA. PLS-DA. LR #&E B 55N
WISREEF I S R EFAZRIYIXRE] 95%, # A RIFAITR
MELR, LR R REMLIEERNEREIYS T PLS-
DA 1ZZUH] SIMCA 1R EY, BT LR XA 4 ZE FUMIE 2L /Y
55, EX D ARRESKIEYNSEERREEE &
ERFRER. S5, AN D MR TR E
B—EMEM, (VLR 1 AIIGESNIRE, TES
BGFENTNEREREELE, FETEAIE
MAREHREEY, FIbARE 5| N XIEIE, 3128
EERHITZ RS, X ZANGEMBITEUIRS
HEAEEMAE, FMNLERBEMERL, £RER,
SIMCA. PLS-DA. LR = MEE MR X I EHES
F 94%, AT AT S M IR EFo

B LR RBTUNNERZRTE 95% LU L, BREAE
FOEEIEEEA, BIM, SRXRF Bl 2R, AR 1~1024
BENER, = MBASHTENIERSEER
8, At A TIRASERE, B/ RER RS, AR
M S 4t £ MEAB XY SRXRF ¢ 38 AR Bkt B2 IR Bl 43 28
SRS, B RHECE MR R, B R
LMRRRY, HPGESE K. Cal Mn. Fe. Zn A MFIETE,
FEEIBEOERE, R ERFERBIIX 92.05%, 5
E. BERIZEN F11301ET 84.48%. BIAZF AL
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SHIEERERETR, BREERBMASHETRET
99.51%, MBI F LRI SBERRHE,
FRARBEE—ENERM. LR ERKEE
LW, FIEMAARRZNE W AIE, MEX B AR
B, FMEEZ, Ca. Mn. Zn X K IRKTENEE
TTH, BSZ R, TIBRER Lt A ER R K
FEEAMANRNREZRM, FILLE40F R I E B RIF
1R T RRE SR ﬁj\ifﬁo FBINSERFRIETF SIMCA. PLS-
DA LR FIUNIE B HITER DL, FEMRHIER LR
mE%M%%%SE;%L TIEBINE, LUHAIR = FUIIRK
BEF X AR AR KA1 HI TR,
mE’JaI“_iLHS(/J&?E%%RUmO MREI, Hg &
MERETERM A BRI, M MeHg TES|RBER
S, AlES IR REE MR LRELE, aEd
BYHER ALBREERE, W 1956 FHZAEE
FEBEKRFEH. 192 EFRNTRKENE A
MeHg,TI;.'HﬁEIJFE’J%EIJ? ERPEEHE, LA

x*DéEll_.\ 'HTT;ET}TDZEAX (3539 Ag¥?§)\ MEHg
NIRRT BRBaRREMKT@IN EEI 'R

WIRITEBAK, !zlL\')II BAVRE XA REZB D AKF
MeHg & 8(4.40~14.6 ng-g ") iIH T X BB X AK MeHg
IS E(2.5ngg™), mEENE S ABERREY,
F IR G B E R BERKET FEEARBRENCE
EEER N BMERKNTEKPRRESIN, BHR
Fi& B ETENEMETHFELIE, AT &R
X5n BB T ARESKIIKE, BFFHERMETE
T, ZEIPTEIVNER, FRAEEFNEDE
X RV B BREX AR, AAR I ATHEIR
IRHA AP EHMS YRGS,
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