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Multi-omics analysis of hormesis effect of lanthanum chloride on
carotenoid synthesis in Rhodotorula mucilaginosa

ZHANG Hong’, WEN Tong’, WANG Zhihong, ZHAO Xin, WU Hao, XIANG Pengcheng,
MA Yong®

Institute of Ecology and Environment, Baotou Teachers’ College, Baotou 014030, Inner Mongolia, China

Abstract: Hormesis effect has been observed in the secondary metabolite synthesis of
microorganisms induced by rare earth elements. However, the underlying molecular mechanism
remains unclear. To analyze the molecular mechanism of the regulatory effect of Rhodotorula
mucilaginosa in the presence of lanthanum chloride, different concentrations of lanthanum
chloride were added to the fermentation medium of Rhodotorula mucilaginosa, and the
carotenoid content was subsequently measured. It was found that the concentrations of La**
exerting the promotional and inhibitory effects were 0-100 mg/L and 100-400 mg/L,
respectively. Furthermore, the expression of 33 genes and the synthesis of 55 metabolites were
observed to be up-regulated, while the expression of 85 genes and the synthesis of 123
metabolites were found to be down-regulated at the concentration range of the promotional
effect. Notably, the expression of carotenoid synthesis-related genes except ALl was
up-regulated. Additionally, the content of B-carotene, lycopene, and astaxanthin demonstrated
increases of 10.74%, 5.02%, and 3.22%, respectively. The expression of 5 genes and the
synthesis of 91 metabolites were up-regulated, while the expression of 35 genes and the
synthesis of 138 metabolites were down-regulated at the concentration range of the inhibitory
effect. Meanwhile, the content of B-carotene, lycopene, and astaxanthin decreased by 21.73%,
34.81%, and 35.51%, respectively. In summary, appropriate concentrations of rare earth ions
can regulate the synthesis of secondary metabolites by modulating the activities of various
enzymes involved in metabolic pathways, thereby exerting the hormesis effect. The findings of
this study not only contribute to our comprehension for the mechanism of rare earth elements in
organisms but also offer a promising avenue for the utilization of rare earth elements in diverse
fields, including agriculture, pharmaceuticals, and healthcare.

Keywords: multi-omics analysis; rare earth elements; Rhodotorula mucilaginosa; carotenoids;
hormesis effect
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BE R ORGSR RS A AT A A, XSS A
KR T TRAE P RAEEMERP R ZHEDY
Une, HBEA4EAR A RS, 25
HRAZ AP A KT S 5 T B
I ARE | SR EE L BE 1, I
HABU AR bum el 4% — 251
HEAEYI IR

WL EREJE Tb e = R B E Y, R A
PRI . Bt . EOKTS AR K i v S R i
FR VR AR AS IR RIS, LB A E
THEAR. B-HRM . 2RI M A B 5
BRYRE, EEARER. MEFR. B-HE b
2. HER EFE2MERY R, AT HA
AR B SN S TE AR, ATz
TEMUW . aetk W EE s . B L)
WA . EWEARAE T . B s DL R A s
PLaF Z A2

Fiiy A 70 2 X A W AR BAT 1875 800 (hormesis
effect) ™, M Lo RAEMNMWE RS, FESA
YA, EY AR T — o B, 2 Xt
AR R E BN HIVE T . A B R W B
) Ce  Refe MR R AR SR, 1T v e J3 UL o o
IR A R M 95 O 21 R PR B Y
AR RIAE P, La¥t g Ce’ XLl bk
LN RS Y S R ih SR N EPS
THRAEY T LR R GRS ™ PRy
R8N ML i) i A ik LA 3

KA RG220 T iE, RER
TEdE 7R He R D RE Jy TH A pE e R I 2o {5 ., BB
b ELOUL S B A IR AR K AR fe 25 S, #fEil
AH AR B 7 FAC I 0 28 1200, AR 2l 2 i it 5
J7 1L BB 3R Gt b 43 AT AR W A2 B R S BT A
T R A I LT, T A T T R A IR AE
AT A: S BDIR S R i A Yot B . B ok
I F(RNA sequencing, RNA-seq)$: A F| A 5

Z&: 010-64807509

LA DU TIH) RNA ST 124 5%
FRSCHES, ERXR FREA il T 5
S AR FLR L 22 52 K 00K, T
YRR L PR 5 T L

ABF LT REBHER DI IO %, 1%
Fe S TP ) e E 0 SR B0 20935
B, DTG H S 50 AL X e
HEs SRS SAL S (R ST A BT
TERELT RERH (LI RN 2 908 b it
HIXCIETR 922 5 A 0L, DI AR 21
TESUAL AL I 45 P13 S R0 0043
LRI, 306 O 0 P 638 7
92 RS 5 BT 0 AL

1A A

1.1 78
1.1.1 Ek

Jit FH ¢ 41 8%+ (Rhodotorula mucilaginosa)
RAS S Ay B R, TEAME R P 4 h
RMI1,

112 AFISUEE

HAGHE . ATBERREY . NI B S S B
R glm A Al R A W WER Ry .
F PR B b B R AR Y EOR A RS A
Al BRI B AU R R A R AR &4k
WA A i AR A R A ] ERERI
H R 23 AR A BR 2 F] 5 SOXTAE HL UK
Gz o W B A R B A Y R R A R 2
F]; Prime Script™ 5% cDNA & i F4 i i
745 TB Green® Premix Ex Taqg™ II % 6 & &
PCR A &4 A A=Y TARRECKE)V A R H]
FhLLER . B-IAE MR IFF RAnMEMN W H
KiEFAEMBARA R\ FEE(EIE L)W B
AT R R BRI AR . i R
VDR ) - 1) 22 A A BR 2w (M) 5 2K AY
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(BRIl 2 A 3h & ERRKENR
(Hirayama A rl); AEY)& AR /R 85050 2 1%
HEACE)A RA R A b 3246 (B R S
ARRA R EIFIRAT ) HlR G TR IR(Fig—1E
BFAEA BR2 F]) 5 B O LR /R A
F D) AT WA AR BT (FE R R R B}
SR/
1.1.3 EFRERBR

YPD }iFH(g/L): MERHRKY 10, &Mk
20, #7820, BHUIE K 20, 8 pH £ 7.0, 115 °C
KA 15 min, Feid & G IR 1.5%MERRR B
2% % HE 0.05%FF IR AN , 115 °CKTH 15 min,
LaCls ¥ 506 B 55 97 3k ¢ 7R f5cil R R SR 56 o
WA INZHE N 0, 25, 50, 75, 100, 200,
300, 400, 500 mg/L Y LaCls. ArifE b Bl .
FIEC R ERBR ML R . - &K, IF
HRMEN W, HR 530 0. 20, 40,
60. 80. 100, 120 pg/mL. JRAFRMER : ¥ 3 Fh
FKEHE DR AR IR A T4
1.2 733
1.2.1 HEHREN R AEEET

W IRAFTE—80 CURAFAE Hh (1 TR AR FH K B8
ZAEM R YPD Bi R R4k, 30 °CH:3% 48 h,
PG I PRI o K B 8 25 P SR B 5
A YPD BAKIRAE 1, 30 °C. 180 r/min 5535 12 h
Jo, LA 4% i i e A 37 A (100 mL
Ki923£/250 mL —ffijfil), 30 °C. 180 r/min 557
12 h, FLL 4% R i 1 T N [a) vk B0 B 1
LaCls 592 557, 30°C, 180 r/min 535 120 h,
BRI 12 h B4 mL & BERAE N G SR S0 B0 FE 5
1.2.2 EPE MRIEARFENE

B Rk L BEW, 5000 r/min 5.0 10 min Y&
RTEAR, O /KR 3 IR TER A TP IA 3 mol/L
EhHR 2 mL, A 40 min J5, BFE OB TR K
win#e 3 min, v HEVE FUKOKHERH RSN,

http://journals.im.ac.cn/cjben

5 000 r/min B.0> 5 min Fd5 FER, JOHEKYE
%3 W B IR 5 B BRAARAE 60 °CHEZ HH 51T
BT E, ETEESMA 2 mL R,
AR F 100 r/min #%3% 30 min, 5 000 r/min 5.0
10 min B3 AS B8 D RIREURK .

WSS N R -SRI AE 190-650 nm
O N ST Ah- 0] GRS I K, gk
U TF 0 2 V2 P CRRAE W A, ] B AR Al s o 2
XITE AT RS RS,

1.2.3 50 LaCl; [& RM1 X5 F=489K 15
HoHr

P REA AL B 23 ) e B LaCls Y JE hy
100 mg/L } 400 mg/L i & BEW AT R A 2 53 B
FEdh, LA LaCl #6470 mg/L B & B AE A Xt
B MR 4% (V)RR 4 63T |
w3 N RY R IR, 30 °C. 180 r/min K557
120 h J5, 5000 r/min, 4 °CE5.C> 10 min WCAEH
A, FFHH PBS B ARG 3 Wk, Ml FA
LB, B 3IAEYEER .

RTYI R L. FREL 50 mg BUFEAS, ¥R
T 400 pL $EBORK , WIS ARG 7E-10 °C R BT
J& 6 min Je RIS BRI AR 5 B AE D
F-20 °C#HE 30 min J5, 13 000xg #.[> 15 min
WA B, BERVES ZEERE/ NI, T ML T .
WE CK (0 mg/L LaCls) X #RZH, CL (100 mg/L
LaClz)5 CH (400 mg/L LaCls) Jy 5250 4H .

VRO € 33 - Jo T EE ARG S AR P S 42 - R i
B AL PR BRI, {di ] ThermoFisher
Scientific 2y 7] Q Exactive™ HF-X Y& 5t Bk FH
{¥ (liquid chromatograph mass spectrometer,
LC-MS) WL T, iS5 ACQUITY UPLC
HSS T3; #:id 40 °C; ¥EAE&E 3 ul; s A
A2 95%IK+5% L ME(F 0.1%H R), B #H: 47.5%
CNE+AT 5% AN EE+5%K(E 0.1%H FR); Al
WA 484 nm; i 0.2 mL/min, AL 2 H 5%
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HLE, MR ANE . BCREF R . B
A3 H 20 pL FIFIRIR & VR B,
W 3AEL, 59 MEAPEA 1A REE
HIFEA T T VR4l Bs il e ke v . (A
ThermoFisher Scientific Xcalibur ¥ REZIE
5 8., R EM5 43 #7 )5 (principal component
analysis, PCA) Fl s £ /)y — 3 0 ) 531 43 #7771
(partial least squares discriminant analysis, PLS-DA)
XA REA AT 0T o BRI
ZHCRYN R R B A FR 2 Wl 58 B o

AR B B s A R K 53 - K Progenesis
QI M- AT A YIRS . B s PAL 34, &
1R 5 R B, 256 t RIRFE
M Fe /N T 1 5] 43 1 (orthogonal partial least
OPLS-DA;
variable importance for the projection, VIP)#i it

A 25 S AR, O R AR T S AR A TR
YUk B 1) 22 1558 (fold change, FC)>2, VIP>1,
K H KEGG (Kyoto encyclopedia of genes and
genomes, KEGG) ¥4 1 % 2= S AR 4 e &k 1 4K
T B T4
1.2.4 /0 LaCli J§ RM1 & EHAE &
ERE WL RE 7

RNA $2& BRI SCRE AR« 44 BEORE ] 2 A2 i
REIK, TEMA S 5 1 ] TRIzol Be4& U
B RNA, B HHEER UK Al RNA i .
W45 W B RE 8 Oligo-dT 43k & 48 B poly
A BZ5H mRNA 401, BlJE H M P
mRNA FEHLFTIE, LUK F B A AR i A B HL2E
A BRAE NS S %6 L cDNA 26 1 5, SR
J& A BCE AN TR RS E I WLEE ¢cDNA; Fifif5
H AMPure XP beads fi 1% H 48 i K st AL
A R VLR Fy 45k B WUEE cDNA, Jf it
17 PCR J W k1% DNA 438 S0 . BEAARE L Y
e SR A W P ZEFE RN OB R B 5 4R A1 A PR ]

eI

squares  discriminant  analysis,

Z&: 010-64807509

I 0 o B e AR 41 %2 < Tllumina I 7
V- 15 58 B R ARAE i B S 27 )5 XF raw reads i
AT AL UE - (1) 7 B BRI P 3 hei A 433k
#) reads; (2) ZEFES N ELBIEIL 10%A9 reads;
(3) 2Bk Qphred<20 AYBHILEY i #54> reads < &
[ 50% LA 1) reads; (4) 2R adapter J751 .
i3 B R St T LAAS E clean reads, JF
XTHFFT Q20 Q30. G+C F LI KJFHIESE
HKAV-EEFEBRHEATIE M . AT THISAT2 v2.0.5 4%
PFRLFEFCX K 3 clean reads 5278 KPR 4H b Xt
M 3kAS mapped reads. I P E T
DU 0 B2 AN [] X B reads 29 A1 1 450 55 X600
¥ 09 X SR i A7 B PR . R StringTie
B AT H B DR S A, 5 ORI Sk AT
FLBIF AR AR I AR B I A

DU 250008 7R 43T« DI e 508 v 4 U A 2
PRl a5 SEAS 1) reads 24, #£4% DESeq2. DEGseq
il edgeR SFFAMFEAT 22 S KB B 43 Hr . 1
Benjamini Fl Hochberg [ /7 LK EEE i i P {H
DIFE il s iR R B%, KIEJS P {H(false discovery
rate, FDR)/NTF 0.05 (YL B A A 22 7 R0k
KIEJE RS P B LA M logs fold change 4 XH{EAE A i
FH 2 IR E . R ] GO (gene ontology ) ¥
JEX 22 S TR L DRI HEA T D BB T R
1.2.5 HRBoHPEFFRIZEREA LA
W E SR

e RM1 &S D RBEAMCH
ZeFRIBIL NPT PO E 7 PCR KGN, LA 268
RNA 1EANSEN, LR &5

(https://sg.idtdna.com/scitools/Applications/Real
Time PCR/default.aspx), 5| ¥ 955 E C 258 &

FEIZREDRIEE RO S : NMDCX0001756)
cDNA A4 12 B8 PrimeScript™ 4% cDNA &
IS s iR G U I B e il 22 S AR I Rk
AN # F TB Green® Premix Ex Tag™ 11 2% )68

B<: cjb@im.ac.cn

1635



1636 ISSN 1000-3061 CN 11-1998/Q A:# T #2~44k Chin J Biotech

i PCR I &5, FATCHKVEBIHEXT IR, %
B3 ANER AN RS R AR 2740 ik
1.2.6 N0 LaCl [GREAE MNRER TR
BRI N RRIZA 0.22 pm B HLIE
TS, = A AE €433 (high performance
liquid chromatography, HPLC)X}Z&#H] % N K4
Y IEAT Ay B AN . HPLC A& 454 M F i .
30 °C; HEFER: 20 pLs ASHIAH: WEE; AR
. 484 nm; W : 0.2 mL/min, 3 SERES
XS R fa], SEIR RIS N RIS 4y,
i I 2 2 S8 A AR T A TR 2 AT B i

2 ZR5M

2.1 LaCLXfRM1&RERE MRS
RS D R-INER BT 190-650 nm
WP MG A ATE 484 nm KA E
P R W0, FEIZPEK N IE RIS MR
R 173.45 pg/g DCW (dry cell weight) (120 h,
LaCl3 ¥ 0 mg/L)-
& 1 AT A 1, LaCls W JEAE 0-100 mg/L

15+ 260
—a— Microbial biomass
Fa
A

—e— The carotenoid content |
10 ./t/!/é,} \
| s S {200
S 4180
S !

1220
isi.—“; 4160

6 ‘\§ 1140

120

24(

The carotenoid content (pg/g)

4 ! ! ! 1 ! 1
0 100 200 300 400 500
The addition concentration of LaCl, (mg/L)

100

E 1 LaClL¥f RM1 HEMEREPE RS
SppAL

Figure 1 Effect of LaCls on biomass and
carotenoid content of RM1.
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Z RIS, BEAE R] e 0 R A 1 A 4 R A A b
AN, Hd LaCLkE R 100 mg/L B, Z5H]
BN R SRR 248.82 pg/g DCW (120 h), 48
AT REZH TN T 43.45% . LaCls ¥ B KT 100 mg/L
B, BRI AE OB W g, 288 PRSI
2.2 R0 LaCli [& RM1 R =94
221 MARERKGHIEMHEEDH

MR E AR IR A R 3Rk, R F
B A3 534 J5 1 (PCA) R i 5 /1y — 3¢ 2 4 331 43 B
Ji B:(PLS-DAYXT T A5 REAR AT 4007, Wil 2A
e, QCRRFRAMTIEREA, QC RAE il
L, RS REMER, EEERL. ARG
#HAE 0.95 I EFIX A, CK. CL, CH X 3 44
WHAEA T Z V4, CK 5 CL, CK 5 CH 418
R 3 A 22 SRR . ARl 2B iR, Kb PR
1) 7 0 Fe A6 EA TN S FC I 55 (Par) , #E4T PLS-DA
ST, B R R R AR I AR X ) R 0.95,
PLS-DA 1] DAAT R X 24 1R WL ZE (B R4 7 X 4,
2 SRRV B AR B, AN R B H
BE, R 2 HZ RIS E T BE. W
K 2C firm, 24 R2Y 5 Q2 Wy BT T 1 i,
R B R A R R A T SRR . A 2D
Fiis, it 200 I BEAUEL R B A 30 )5, 47 Q2
EEZE S Y HhA#R I AR ER7E 0.05 LATR, R4
A IZ AR R AT 5 A R0 .

R A B 1 e A A, i —
TT R R 1 I B 2 S 5 B A IE B R
(positive ion mode, POSYCIf %k H Jy 485, fi
B F# 3 (negative ion mode, NEG)fXifi#%k H
Hy 342 (HZREMAWRAESE RO, B
NMDCX0001756).

222 R KEGG e EE D

KEGG k&M 2t MR 504
YOI Z R T 02, YAkdR S KEGG AR
WA Ay S, B AR AR O TR R B 0K 0
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A
120 + Scorés (PCA)
100 | $ Lk
A CL
80 ¢ CH
~ 60} A Rk
£ :
7 40 ¢ Ay
2 3
S T 5
2 gk S S DT
0 : .
=201 ; L
' :
—-40
_60 [ 1 1 1 1 1 1 1| ; 1 1 1 1 1 1 1
Q NI\ PRNPAN RN BN AN AN BN IN Q
//b/‘)/b‘/ﬂ)/q)/\ \W%b\%b(\
C1 (26.60%)
C .
1.0 - Model overview
mR2Y (cum)
0.9 - 0Q2 (cum)
§ 08 F
E 07}
g
E 06 B
=]
< 05F
=}
5 04t
2
& 03f

compl comp2 comp3  comp4

Component 2 (19.1%)

Similarity (Y,Yperm)

“ Score (PLS-DA) plot
SN 0
L ]
: L
A
e CK
i " . ACL
L ¢ CH
: mQC
_I 1 | 1 I | | | 1
-20 =15 -10 =5 0 5 10 15 20
Component 1 (32%)
_ Permutation testing
R2=(0, 0.824 9), Q2=0,-0.3312)
Lih i e
A _ - -
n T A
o | l 1t
A
u A
1
e R2
- A
A &2
| L
1 1 1 1 1 1 1 1 1

0.0 0.102 03 0.4 050607080910

B2 BABREERSHT A BRI B: fUHY) PLS-DA #3735 C: PLS-DA BERIMEY;

D: PLS-DA FRI A EIE

Figure 2 Analysis of sample QC results. A: Principal component analysis of samples; B: Partial least
squares discriminant analysis of samples; C: Overview of PLS-DA model; D: Validation of PLS-DA model.

T RGBT 25 bR A E
£35 LR JLZE . metabolism (F:#5 )% 337 4N
#%), genetic information processing (3 35 /il
),
15 M), P cellular processes (3£ 2 /i %)
(B R AR s h o, x5
NMDCX0001756),

Hor metabolism H AT BT IR I R FHE BR A L34
(KEGG X #f #% 12 & % 5 & map01100 ;

environmental information processing (I

Z&: 010-64807509

map00053) . 12 it A LAl 25 i A= 1 & (KEGG
3 8% 42 # 4 5o~ map01100 5 map00130 ;
map01110; map00350; map00904).
R (KEGG U2 K 95 5 5 map00480 ;
map00770; map01100; map01240; map00330;
map00410; map02010; map00330; map01053;
map00410) . 52 E5EAE YA M (KEGG ik
1l g5 map00900) ., i AEY G BU(KEGG
AR5 42 4 5 map01100; map00904 ;

A e H K

B<: cjb@im.ac.cn
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map01110), ZKiHE p ZAEYE R((KEGG i
B S5 map00906) . 15K A1 =1 4= 9
A BUKEGG {42 F 45 A map00909).,
2.2.3 R LaCk BEEFK ST

i3t PLS-DA 43 Afr 354504 VIP {HFlFAAS &
IITARAT Y PO TR e X 41 S LaCly
Ab FRZH [] Y 3 22 S A o IR N
VIP>1 H P-value<0.05. CL 4b #4115 3
178 D25, w155 55 4 B
123 AN F IR . CH AL L1351 229 /> 22
SR, B o1 A R 138 AT
B (E Z AR B G, Bt
NMDCX0001756),
2.2.4 iPath i@ 7T

FIHT iPath 3.0 REAE XA P& 47 AT ALAL
G3HT . REAE BTRA U AR A ) A 1 e A it
Bl ANIF LaCls b BZH FT 7™ Az 1) 22 5 e A= A8
W o W 21 ok 0 F) A A B%  (FE R Bl R
SRR, BaES: NMDCX0001756), AN[H
LaCl Ab BEZH B 77 A R AN ™ 1) 22 S i ik Az
mF. KWE RN EY S W (carotenoid
biosynthesis) . PM#RAIH-2% 2% ALl (porphyrin and
chlorophyll metabolism) . IHHBEIA 1% 1% (pentose
phosphate pathway) , IZ044X:if(purine metabolism);
CH Kb BHZH Bph A7 75 1 IR AR 7 ) 22 5 1 ik
AR ¢ R AR AR OB A Ik Y AR W S R
(biosynthesis of siderophore group nonribosomal
peptides) . H ¥l B g 18 4 (glycerophospholipid
metabolism) . — & MR 7§ ¥F (tricarboxylic acid
cycle), ZEEE A= 414 i (flavonoid biosynthesis).
2.3 A0 LaCl; f§ RM1 HIERB D H
231 MFEBIRERISREFILL RS 54

W INHEEE }y 0. 100, 400 mg/L LaCls
HEFRZE 120 h AR, 725188 A CK, CL,
CH FEAS, FEAHY Q20>98.12, Q30>93.58,

http://journals.im.ac.cn/cjben

& B 0 B R T e ad o R A i Y R
UREE 555 IR A T X, LBy 83558
i T 93.66%, 1 B e B A — Bk (R R B R
EE ARG, BSRS . NMDCX0001756).
232 EREREKEGITRERBRMESHT

R4 2 DR | R AR T R s B ok
HB K B9 132 BX AU (fragments per  kilobase
million, FPKM), FfH5a ML B2 D 1407,
SRy YA R R b A B PR B SRS TE AN [ A
TR, X R wAE FE R T 22 e Rk A T
ol RBRSME, ZRIE 3A R, K54
SEATREAS ] D Rk B IR i — Bk, K
ZREE HTE A HFEA Th B RIR BT .

e 3B, 3C BN, FEASE B RIS H
(PCA)FIA SRS Hr R WA W)~ A M R A, 52
WA R AR ERE . E 3D s, 78
CK. CL. CH Hrai 2] i) BE KSR h 6 947 4,
R = I A S R B R BB L
i 99.27%

233 ERREERAKREBEEESH

(1) ZRFEEHADH

R T Wik LaCls X HRZH 5 A LA [) Y 25 S 3R
RFE, &R SRR S (BOE SR /Y P BRI
F 0.05, H[log, fold change|>1)R] A7t CL Hit
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Figure 5 Gene function enrichment analysis.
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Figure 7 The variation in expression levels of

metabolism-related genes involved in carotenoid
synthesis in Rhodotorula mucilaginosa.
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Figure 8 Molecular mechanism of hormesis effect during synthesis of carotenoids in RM1 with LaCls. Red in
the figure represents up-regulated genes; Blue represents down-regulated genes.
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