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Development-associated metabolites of Diaporthe citri: a
metabolomics analysis based on UPLC-MS/MS

PU Zhanxu, ZHU Li, DU Danchao, HU Xiurong, LU Lianming, HUANG Zhendong*

Citrus Research Institute of Zhejiang Province, Taizhou 318000, Zhejiang, China

Abstract: [Objective] Melanose caused by Diaporthe citri is one of the major fungal diseases in
citrus. D. citri mainly undergoes three developmental stages, including mycelial growth stage (10 d,
T1), pycnidium development stage (20 d, T2), and conidial sporulation stage (30 d, T3). The
metabolomics analysis of the markers and key metabolites during the development of D. citri can
provide clues for clarifying the sporulation mechanism and metabolic regulation of D. citri.
[Methods] Ultra performance liquid chromatography/tandem mass spectrometry (UPLC-MS/MS)
was employed to analyze the metabolic changes during the development of D. citri. Then, principal
component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA)
were performed to screen the differential metabolites. Finally, KEGG pathway enrichment analysis
was conducted for the differential metabolites. [Results] A total of 1 090 metabolites were
identified at the three developmental stages of D. citri. According to the thresholds of VIP>1 and
fold change>2 or <0.5, 265, 456, and 580 differential metabolites were screened out for T1 vs. T2,
T2 vs. T3, and T1 vs. T3, respectively. The differential metabolites mainly included organic acids,
triglycerides, fatty acids, and amino acids, which were closely associated with the morphological
development of the pathogen. Linoleic acid and its metabolites (13-HpODE, 9(S)-HODE,
9-0x00ODE, 13-0x00DE, 9-HpODE, 9(S),12(S),13(S)-TriHOME, 9,10-DiHOME, and y-linoleic
acid), as well as arachidonic acid and its metabolites (20-COOH-AA, LXB4, 15-keto prostaglandin
F2a, 20-carboxy LTB4, 15-deoxy-6-12,14-PGJ2), might play a role in the sporulation of D. citri.
[Conclusion] The morphological development of D. citri was closely associated with the changes
of metabolites during different developmental stages, and the oxylipid metabolites (linoleic acid,
arachidonic acid and their metabolites) were the key metabolites for sporulation.

Keywords: citrus melanose; metabolomics analysis; metabolites; ultra performance liquid
chromatography/tandem mass spectrometry (UPLC-MS/MS)
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Figure 1

The developmental stages of Diaporthe citri. A: Mycelium growth stage (10 d, T1). B: Conidia

formation stage (20 d, T2). C: Sporulation stage of conidia (30 d, T3).

P4 actamicro@im.ac.cn, & 010-64807516



IR | A YRR, 2023, 63(6)

2475

ForAql+, 3 DA E 3 MAEYEEE .
B A~ B AR Sl BBORE i 1 VR R R S e A
—80 CHAIK L VKA it 4775 FH o
1.2 EFEAXFIREE

AR BRI A A T A TR B
HRRAF; HEE. OIEWE Merck 2AH], ik
ai; WERW A Aladdin 2A#], @i%ai. HTHL
(Scientz-100F), ‘T HT 2 A WIRHE e A FR 2
H P BFEE AL (MMA400 Retsch)l [ 30 ; #
T BB HE (5,3 (SCIEX ExionLC AD)HI1HR B i
(Appleid Biosystems 6500 QTRAP),
1.3 #HmiEE

FE b Z R DG FEE R AR AE PR AR A R
ON AT HEAT A P A I E5 s o3 B . FF S AA-80 °C
BRI VKAR B, B TR T HL(Scientz-100F) %k
T, HESFRE(0+£1) mg TE.OEH, FBREEL
(30 Hz, 20 s)BFEE, 7 4 °CZ&1FF, 3 000 r/min
B0 30 s MR BLO 2R, FE IS, A 400 pL
70% F K N FREERIR, 1500 r/min #R3% 5 min,
BOVE AR AR Smin, TUK Ff#% 5 min.
RJE 2 min, FEEAREA . R IWE 3 IR,
F 4 °CZ&MF, 12 000 t/min B.L> 10 min, HF
55 HUA-20 °CUKARFE 30 min. 7F 4 °CA&MHF T,
12 000 r/min &.0» 3 min, B Fi% 200 puL T
UPLC-MS/MS 4#r. Jit#E£ 4 (quality control,
QC) HH FE i 4R BUTR & W 25 TR, A28 40 BT
b Hh R T I S B A A A A ) A B R Y
B PEM At B A
14 B®ERIERERH

R 53>k LC-QTRAP-MS/MS R 5¢
AT o AP AR

K HZEKYE UPLC At (Waters ACQUITY
UPLC HSS T3 C18 1.8 pm, 2.1 mmx100 mm); i
SIMABLEIKGT 0.1%FR) (A), LI 0.1%H
i2) (B); ILALAYEIEAEREEEBENL, 0 min K/

(95:5, &), 11.0 min 7K/ HE(10:90, {AFH
o), A£4% 1 min, 12.1 min JE A K/Z 5 ©O5:5, 4
ULL), FEOREF 110 s Jat# 0.35 mL/min, #Eif
40 °C, #EFFHE 2 pL, 75 = 5 PURRAF LA 25 1Bk T
4% (Q TRAP)_F3RF31Y LIT M1 = FE VUK AFT(QQQ)
4, QTRAPLC-MS/MS Z %5 HH, -5 55 i 25
(EST)BEE M IE(ESIH) A (ESI-) 2 Fifs=, MS &
FRIFFHEN 5 500 V (EEFEIL), —4 500 V
(T, B TS Gon source gas, GSI)
50 psi, “H(GSII) 50 psi, %< (CUR) 25 psi, ¥
R 500 °C, filffE# 175 T HL 25 (CAD) M1 , Analyst
1.6.3 B (Sciex)dh FRE .
L5 HEDH

K MultiaQuant (Sciex)#K{F T (i I4 1Y
FUMFIREIE | {5 550 B F2HL, Analyst 1.6.3 (Sciex)
HEAT BT AR A AL B, BT s R R AR A
YIHARA PR ) A 32 8dEFE MWDB (Metware
database) FIA IR 1 MHK B8 22201 At
AUENE T, VUG s 09 22 S s AR
(multiple reaction monitoring, MRM)iE1 54
E M. RA R KM (www.r-project.org/ )i T
F 4343 H7 (principal component analysis, PCA)Fl
1E A /N F 51| /3B (orthogonal partial least
squares discriminant analysis, OPLS-DA), X}
OPLS-DA FAYHFA TR IE, FH &N OPLS-DA
FRIIARASH VIP (variable importancein projection)
1B, 45 G 5 B 5B P-value fH A1 22 5455 (fold
change){H #1722 A VI A i a2k

2 EREGHN

2.1 Diaporthe citri ¥ B REITH(quality
control, QC) 5%

XA [FBTE QC AEA BT Al 43 B 7
S T B (total ionscurrent, TIC)ZrAT (K 2A)
M QC HEA Kz IR S 43 M (K] 2B), D. citri

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



2476 PU Zhanxu et al. | Acta Microbiologica Sinica, 2023, 63(6)
A B
2.2e8, 076
8 12 16
208 4 T .
L 116
.88/ mix01 || 0.9955 |1 099617
1.6e8 1
. 118 : Jg
5_% 1.4e8 16l
2 1.2e8 12[ mix02 0.996 2
5 1.0e8 !
{=i I P
— 8.0e7 s 8.08 953 :18
6.0¢7 i mix03 {14
110
4.0e7 el e
641 670 791 8 12 16 10 14 18
2.067. 02 443 12,22

4.0 30 40 50 60 70

t/min

1.0 2.0

2 HmEREREH 2

80 9.0 100 110 120 130 14.0

Figure 2 The quality analysis of samples. A: The detection of TIC overlap map (positive ion) by QC sample
mass spectrometry. B: The Pearson correlation diagram for QC samples.
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Table 1 The permutation test of OPLS-DA model
for developmental stages of Diaporthe citri

Group R*X R*Y 0’

T1 vs. T2 0.895 1 0.976

T2 vs. T3 0.948 1 0.999

Tl vs. T3 0.957 1 0.995

R’X and R®Y values represent the explanation rate of the
established model to X and Y matrix, respectively; Q%
Predictive ability of the model.
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Table 2 The list of share metabolites that showed significantly difference during the different developmental
stages of Diaporthe citri

Index Molecular ~ Metabolite name Compound log, FC Subclass
formula type T1/T2 T2/T3 TUT3
MEDNO0049  C;;H;0N,O¢ L-saccharopine Amino acid  1.54 1.30 2.84 2
MEDNO0056 CgH;sNO;  N-acetyl-L-leucine 1.31 1.87 3.18 1
MEDNO0460  CoH,3N;O  N8-acetylspermidine -1.02 -2.06 -3.08 3
MEDNI1934  C;H;9N;0, Val-Gln -1.15 298 413 3
MEDN1936 CyH;sN;O; Asn-Pro -297 -155 452 4
MEDN1937  CsHgNOs 4-hydroxy-L-glutamic acid 1.10 2.28 3.38 6
MEDN2117 C¢H(N,Os Hyp-Thr -1.01 234 335 3
MEDP0037  C;3H;¢N,Os Asp-Phe -1.04 -151 -256 3
MEDP0297 CsH;;NO, 5-aminovaleric acid 1.73 2.18 391 1
MEDPO0318  C;oH{,N,03 L-kynurenine -143 226 369 3
MEDP0373  C4H;NO; N-acetylglycine 3.51 1.06 4.56 2
MEDP0637  C4H;sN,O3; Phe-Pro -1.28 243 371 3
MEDP0664  C;oH{3NO; L-tyrosine methyl ester -1.89 227 416 4
MEDP1177  CsH;{NO,  N-methyl-o-aminoisobutyric acid 6.47 3.09 9.57 6
MEDPI1307 C,oH;3sNO, (2S,3S)-3-methylphenylalanine -233 -133 366 4
MEDP1653  Cj(H;sN,O; Glu-Glu 1.32 2.16 3.49 1
MEDP1680  C;4H3N3Os Thr-Leu-Ile -1.19 213 332 3
MEDP1681  C;4H»N3;0, Leu-Gly-Leu -1.17 346 462 3
MEDP1851  Cy3H;4N,Og Asp-Tyr -124 -168 -292 3
MEDP2031  C,(H;3NO;  Alpha-methyl-m-tyrosine -1.30 -1.81 -3.10 3
MEDP2037  C;;H;3NO;  2-((3-ox0-3-phenylpropyl) amino) acetic acid 2.19 2.39 4.58 1
MEDP2321  C;;H,Ns0; Pro-Arg -1.03 264 -367 3
MEDP2335 CgH;)N,O4 Gly-Thr -1.05 409 -514 3
MEDP2446  C,oH;4N,O, Cyclo (Pro-Pro) 2.61 1.81 441 1
MEDP2459  C;Hy6N4O; Lys-Lys -144 -1330 -148 3
MEDP2538  CyH;;NO;  3-hydroxy-L-phenylalanine -1.12 207 319 3
MEDP2552  CgH(N,Os Thr-Thr -1.01 -358 460 3
MEDNO0410  C;H4O, 4-hydroxybenzaldehyde Benzene and 2.24 1.08 332 2
MEDN1878  C4H;30, Trolox substituted 11.72 3.30 1502 6
MEDP0101  CoHgO4 P-coumaric acid derivatives  -120 -4.66 586 3
MEDP0507  CoHgO4 2-hydroxycinnamic acid -1.27 454 581 3
MEDP0556  C;oHgO3 Herniarin -240 -11.20 -13.6 4
MEDP0654  CgHoNO 2-phenylacetamide 13.79 274 16.53 1
MEDP1807  C,oH;,0, Thymoquinone 2.06 1.03 3.09 2
MEDP2137  C;;H;s0 5-phenyl-1-pentanol -1.27 429 3.02 5
MEDP2184  CgH;(0; 2,3-dimethoxyphenol 2.39 1.14 3.54 2
MEDP2243  C,;H3NO, AM-1172 1093  2.08 13.01 1
MEDP2615  C;H,,0; 3-4-(4-hydroxy-3-methoxyphenyl) 1.79 2.25 4.04 1
but-3-en-2-one
MEDP2620  C,H(,0, 1,4-dihydroxy-2-methylnaphthalene 1.42 2.07 3.49 1

http://journals.im.ac.cn/actamicrocn
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%4 2)
Index Molecular ~ Metabolite name Compound log, FC Subclass
formula type TUT2 T2/T3 TUT3
MEDN1799  CyoH,305 Ingenol Alcoholand 14.74  2.66 17.39 1
MEDP1002 C;H;sNO,  Acetylcholine amines -1.08 298 1.90 5
MEDNI1273  C,sHy¢NO,P LPE (0:0/20:3) GP 9.48 3.61 13.09 6
LPE (0:0/20:3)
MEDNI1274  C,sHyNO;P LPE (20:3/0:0) 9.48 3.61 13.09 6
LPE (20:3/0:0)
MEDP1686  CyH;NO,P LPE (15:0/0:0) 2.15 3.26 5.41 6
LPE (15:0/0:0)
MEDP1875  C,H4NO,P LPE (17:1/0:0) 1.60 2.83 4.43 6
LPE (17:1/0:0)
MEDNO0452  CoH4N30,P 2'-deoxycytidine-5’-monophosphate Nucleotide 1.72 1.13 2.85 2
MEDNI1675 CsH;;0,P  2-deoxyribose 5'-phosphate 1.52 2.63 4.15 6
MEDPO0177 CsH¢N,O,  Thymine 1.73 1.99 3.72 1
MEDP0378  C4H7NsOg N6-succinyl adenosine 1.48 1.93 3.42 1
MEDNO0211  CsH;,05 D-arabitol Carbohydrates —1.07  —5.29 -6.35 3
MEDNO0502 CsH;,0,P 2-deoxyribose 1-phosphate 1.52 2.63 4.15 6
MEDNO0832 C¢H;4NOgP D-glucosamine 6-phosphate 1.00 3.43 4.44 6
MEDN1018  CsH;,0s Ribitol -1.07 -529 635 3
MEDN1540 C;H 403 Gluceptate 2.12 2.82 4.95 6
MEDN2057 Ci¢HgO3;  Maltohexaose -1.44 512 -6.55 3
MEDP2343  C;30Hs,0,6  D-maltopentaose -1.19 244  -3.63 3
MEDP2359  C4HpsNO;;  N-acetyl-D-lactosamine Organic acid -1.32 -143 275 4
MEDNO0201  C4H¢O, Succinic acid 1.40 2.37 3.77 6
MEDNO0204 C;H,;0; Pyruvic acid 11.24 1.24 1248 2
MEDNO0280 C,H;NOs;S 2-aminoethanesulfonic acid 2.23 2.10 4.33 1
MEDNO0284  C¢H;,04 2-hydroxyisocaproic acid 2.02 3.49 5.52 6
MEDNO0335 C4HgOy4 Methylmalonic acid 1.40 2.37 3.77 6
MEDNO0432  C4H;,0; 5-hydroxyhexanoic acid 2.02 3.49 5.52 6
MEDNO0593  C,H¢Os D-malic acid 1.75 1.97 3.72 1
MEDNI1155 CeH;(0; 4-methyl-2-oxovaleric acid 12.16 495 17.12 6
MEDN1197 C;;H¢NO,  8-methoxyalkynurate 11.87 2.76 14.63 1
MEDN1328 C¢H,0; (S)-leucic acid 2.02 3.49 5.52 6
MEDN1499  C4¢H;,03 2-hydroxyhexanoic acid 2.02 3.49 5.52 6
MEDN1590 C4HgOg Tricarballylic acid 1.99 2.29 4.29 1
MEDN1721  CoH;(0, M-toluene acetic acid 12.44 3.34 1579 6
MEDNI1874 C4H[(N,O3; L-canaline -1.12 408 519 3
MEDN2063  C¢H401,P, 1,6-di-o-phosphono-D-fructose 1.19 3.47 4.66 6
MEDP0296  CsH;N3O, 4-guanidinobutyric acid -1.32 2.79 1.48 5
MEDPO0313  C;H;N3;0,  Guanidineacetic acid 1.76 2.01 3.77 1
MEDPO0528  C;H;NO; S-aminosalicylic acid 12.60 9.49 22.07 6
MEDP0689  CgH{sNO,  Tranexamic acid 1.77 2.59 4.36 6
MEDP1495  CoH;(0; 3-methoxyphenylacetic acid 1.86 1.31 3.17 2
GiE))
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(813 2)
Index Molecular ~ Metabolite name Compound log, FC Subclass
formula type T1/T2 T2/T3 TIU/T3
MEDNO0788  C,,H3005 LXAS FA 13.01 1.81 1482 1
MEDN1428  C,,H300, 20-COOH-AA 3.06 1.90 4.96 1
MEDN1840 C,gH;3,0, Pinolenic acid -1.57 -1420 -1580 3
MEDP0429  C;3H;300, FFA (18:3) -1.81 -2.13 -394 4
MEDPO0510 CoH;NO, Carnitine C2:0 1.89 1.04 2.93 2
MEDPO0530  C,oHy0; 15-deoxy-6-12,14-PGJ2 2.58 1.83 441 1
MEDP0577 C;;H;;NO, Carnitine isoC4:0 1.83 2.11 3.94 1
MEDP0618  C;,H»;NO,  Carnitine-2-methyl-C4 1.40 2.77 4.17 6
MEDP1084  C;gH3;NO, Carnitine C12:0 14.61 3.27 17.88 6
MEDP1440  C;H;NO,  Carnitine C5:0 1.40 2.77 4.17 6
MEDP1442  C;;H,NO, Carnitine C4:0 1.83 2.11 3.94 1
MEDP1459  CyoHy303 Epoxy-eicosapentaenoic-acid 11.81  2.81 1462 6
MEDP1460  C,oHy505 Hydroxyeicosapentaenoic-acid 13.19 1.85 15.04 1
MEDP1665 C;,H;yNO, Carnitine C3:0 1.73 2.63 4.36 6
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ER R E A K EB R 3 N BEFEE T, 91 4
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WiFH 5 V7 208 R LA A Wy 2 AR Y 7E TR 22 By
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B, 2RO Wil . AM-1172 S84E 53
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6745 T S (T2) A4 A 07 2 7= sl R v ok
HHE, NEER ., 4-H3E-2-F KM . 8-H &
SRR ERTE . 1A R 2R . 5- kK b R 1 G
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WIF R KRBT E ., 85.71%M N8 B2 ¥r7E
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i i P P28 L R S A #E D. citri BB R B
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24 ERKY KEGG 77

FIH KEGG 04 e %o 22 AR ik A 7
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25 5 2 HoE KEGG B8 i vE R 2 B 10
AR 132 4~ 203 AN 214 45 SRR
PIAEATR] L35 4 b 4 ol A 7 A Qi 3 I 1 ' A 40
Br, TR 2 & 2 IR 20 F%30 221 = S E (] 6).
3 N A IR O R 72 (ko00030) | 4 28 M T
PR iR H. A8 15 42 (ko00040) . A= ¥4 il (ko00130)
mEE AL (ko00240) . NZAPR . KA R AT 2
2 A (k000250) . AN Z B2 il (ko00360) . fE
A DU ER AR (ko00590) . IV 9 R 1R (ko00591)
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Figure 6 Top 20 KEGG enrichment map of different metabolites. A—C
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Table 3  Significant enriched pathways of metabolites
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albicans)* LSS PIE | AP M 451
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A R Kmeans B80T BAA T 8 28
R (G ERR DS . R SAHCAC ) . B/
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BEWIBRZTE D. citri A K E R R A8 AL ARHE
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HIWFE & T e R B H(E. cristatum)™ |

Group KEGG pathway Ko-ID P value Metabolite
TI vs. T2 Linoleicacid metabolism  ko00591 4.39x107* C04717+C14767+C14766+C14765+C14827+C06426+
C14833+C14828
Nucleotide metabolism k001232 8.93x107° C00526+C00299+C00106+C00239+C05512+C00360+
C00881+C01762+C00178+C00380+C00262+C00214+
C00559+C00294+C00387+C00385
Tl vs. T3 Linoleic acid metabolism  ko00591 2.62x1073 C14833+C14767+C06426+C04717+C14765+C01595+

C14766+C14827
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Figure 7 Box plot of changes in metabolite levels enriched by the ko00591 pathway.
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Figure 8 Box plot of changes in metabolite levels enriched by the ko00590 pathway.
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