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Comparative metabolomics of seedlings of two susceptible and
resistant wheat near isogenic lines to wheat leaf rust disease
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Abstract

Identifying resistance related metabolites as biomarker for screening wheat germplasms resistant to leaf rust
(Puccinia triticina) is a useful approach to increase the speed, accuracy and cost effectiveness of screening
disease resistance. The relatively polar metabolites were extracted in a mixture of methanol-water from near
isogenic line (NILs) of wheat susceptible (Thatcher Lr22b) or resistant (Thatcher Lr25) to leaf rust in the two
leaf stage, 24 h after inoculation with the pathogen, talcum powder or sterilized distilled water, in three
replications. Metabolites were analyzed using a GC/MS. ANOVA showed that abundance of 26 metabolites
had significant differences among experimental factors including near isogenic lines (NILs), inoculation (1)
and NILs x| interaction. Abundance of 26 significant metabolites was subjected to canonical discriminant
analysis and hierarchical cluster analysis to group observations of metabolite profiles based on similarities
and differences in the investigated metabolic space. Finally 13 resistance related metabolites (RR) and 13
Pathogenesis related metabolites (PR) were identified that the majority of RR metabolites involved in
induced resistance and constitutive resistance. Significant metabolites included metabolites with potential
signaling and/or antimicrobial activity as well as molecules used as precursors for cell wall reinforcement,
phenolic and alkaloids compounds, and accumulation of amino acids and proteins associated with resistance.
Up-regulation of the number pathways upon infection of wheat to leaf rust fungus is discussed.

Keywords: metabolic profiling, Wheat leaf rust, screening resistance, gas chromatography/mass
spectrometry
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Table 1. Common metabolites among all treatments of Thatcher Lr22b and Thatcher Lr25, respectively,
susceptible and resistant to Puccinia titicina. in seedling stage

N!  Compound name CAS RT? CG?
1 I-Alanine, N-(TMS)-, TMS ester 26844-07-1 6.49 AA?
2 N,O,0-tri(TMS)-1-c(13)-N-carboxy-glycine 000-00-0 7.49 AA
3 Pentasiloxane, dodecamethyl- 141-63-9 8.05 AMP
4 Phosphoric acid, bis(TMS)monomethyl ester 000-00-0 8.26 OA®
5 L-Valine, N-(TMS)-, TMS ester 7364-44-5 9.03 AA
6 Glycine, N,N-bis(TMS)-, methyl ester 25688-73-7 10.12  AA
7 L-Leucine, N-(TMS)-, TMS ester 7364-46-7 1031 AA
8 L-Isoleucine, N-(TMS)-, TMS ester 7483-92-3 10.88 AA
9 Butanedioic acid, bis(TMS) ester=succinic acid 40309-57-7 11.32 OA
10 .L-Threonine, N,O-bis(TMS)-, TMS ester 02/02/7537 13.26 AA
11  L-Proline, 5-0x0-1-(TMS)-, TMS ester 30264-77-2 16.37 AA
12 Propanoic acid, 2,3-bis[(TMS)oxy]-, TMS ester 38191-87-6 11.9 OA
13  Butanedioic acid, methylene-, bis(TMS) ester 55557-26-1 1209 OA
14 Butanedioic acid, [(TMS)oxy]-, bis(TMS) ester 38166-11-9 1579 OA
15 L-Asparagine, N,N2-bis(TMS)-, TMS ester 55649-62-2 19.93 AA
16  Citric acid -TETRATMS 14330-97-3 2321 OA
17  Tetradecanoic acid, TMS ester 18603-17-3 23.33 FA
18 L-Tyrosine, N,0-bis(TMS)-, TMS ester 51220-73-6 2539 AA
19  Hexadecanoic acid, TMS ester 55520-89-3 26.15 FA’
20  Xylotiol 5TMS 14199-72-5 20.67 SU
21 Myo-Inositol, 1,2,3,4,5,6-hexakis-O-(TMS)- 2582-79-8 2845 SU
22  D-Glucuronic acid, 2,3,4,5-tetrakis-O-(TMS)-, TMS ester 55530-80-8 3361 OA
23 Gulose, 2,3,4,5,6-pentakis-O-(TMS)- 56192-86-0 30.5 SU
24 alpha.-D-Galactopyranose, 1,2,3,4,6-pentakis-O-(TMS)- 32166-80-6 35.8 SuU
25  Glutamic acid, N-(TMS)-, bis(TMS) ester, L- 15985-07-6 18.72 AA
26 L-Aspartic acid, N-(TMS)-, bis(TMS) ester 55268-53-6 16.49 AA
26  Serine tritms 64625-17-8 1261 AA
28  D-Fructose, 1,3,4,5,6-pentakis-O-(TMS)-, O-methyloxime 56196-14-6 24.67 SU
29  D-Glucosg, 2,3,4,5,6-pentakis-O-(TMS)-, o-methyloxyme, (1E)- 130405-10-6 2498 SU
30 D-Galactose, 2,3,4,5,6-pentakis-O-(TMS)-, o-methyloxyme, (12)- 128705-71-5 25.26 SU
31  Phenylalanine 2TMS 000-00-0 AA
32 Cis-aconitic acid triTMS 55530-71-7 21.7 OA
33  Silanol, trimethyl-, phosphate (3:1) phosphoric acid-TRITMS 10497-05-9 1048 OA
34  3,7-Dioxa-2,8-disilanonane, 2,2,8,8-tetramethyl 10/06/6787 18.03 OA
-5-[(TMS)oxy]-=glycerol-TRI-TMS Ether
35 BisTMS Lactic acid 000-00-0 6.09 OA
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Table 1. Continued aalsl N J g
N!  Compound name CAS RT2 CG3
36  Methylmaleic acid 2TMS 77220-12-3 1342 OA
37 Ribonic acid, 2,3,4,5-tetrakis-O-(TMS)-, TMS ester 57197-35-0 2221 OA
38  L-Glutamine, tris(TMS) deriv. 56145-13-2 22.13 AA
39 Decanoic acid, decyl ester 1654-86-0 23.69 FA
40  Allonic acid, 2,3,5,6-tetrakis-O-(TMS)-, lactone 55515-34-9 2246 OA
41  D-Glucuronic acid PK B 5TMS 64665-64-1 2192 OA
42  Octadecanoic acid, TMS ester 18748-91-9 FA
43  Serine-DITMS 70125-39-2 10 AA
44 D-Glucitol, 1,2,3,4,5,6-hexakis-O-(TMS)- 14199-80-5 2553 SU
45  Sucrose-OCTATMS 19159-25-2 3781 SU
46  2,3,4-Trihydroxybutyric acid tetrakis(TMS) deriv. 38191-88-7 1761 OA
47  a-Aminoadipic acid triTMS 66434-50-2 2085 OA
48  D-Ribose, 2,3,4,5-tetrakis-O-(TMS)-, O-methyloxime 56196-08-8 20.33 SU
49  1-Cyclohexene-1-carboxylic acid, 3,4,5-tris[(TMS)oxy]-, TMS ester 55520-78-0 23.02 OA
50 :a-D-Glucopyranosiduronic acid 52842-25-8 2399 SU
51  9H-Purin-6-amine, N,9-bis(TMS)- 17995-04-9 23.9 AM
52  Silane, [[(34,53,20R)-pregnane-3,17,20,21-tetrayl] 17846-09-2 24.13 AM

tetrakis(oxy)]tetrakis[trimethyl-

1 = Number; 2 = Retention time; 3 = Chemical group; 4 = Amino acid; 5 = Amine; 6 = Organic acid; 7 = Fatty acid

(Ydd) 550 43 ome

o ¥os ools e VL Sl s S )l
4 S (RT) S L eus 554l Thatcher Lr25
5 (ST) b Lo S34l Thatcher Lr22b sla Y
Thatcher sla Y 55 ol gan SV Slsl 3 pioman
sla Y o cwd RP) Sl Lons J3aLLr25
il (SP) S,les L eas s34l Thatcher Lr22b
L s s slacd s Ol sie o (RP > SP 4 RT > ST)
Jki 5> (Resistance-related metabolites=RR) . 5lis
Sl RR ol ple VU s ool s a4 S
i gled oS oy 4 bge i plie l
Ls g el 5 i o Al (Tl sl
(YJs4)

GlacY 53 olsme VL Sl s S 2 ple
i S (RP) S 5les Lo Jjasle Thatcher Lr25

(RT) b L eus  Sasle Thatcher Lr25gla Y

SlaY 53 @l e VL Glslp iaman 5 il

q0

03 edd gl slrcd b ol 4 @\.‘J

Puccinia triticina—(.uf s 5

DS Sl bl A S Ol bl 4
5 =dab s oY) bl Gla, st & placd sl
and Al (gls e il L@;I@b\}ﬂ(wu;ﬁvﬁﬁ
OY cpm Sl aS sl OLES a2 ool (Y Jsd) s S
S BN PR PP JCRCI JHER) o GCR S
3 e S peis OT S o 5 SIB L 5 ke
Lsls Olis gl
pnle JS o pmine dosr S Gl i sl
Soge 52 Ll eslimad ol oles b olS gl 55 S )
O e A c gl Olye a5 P <001 S
cJple 0.0 < P < 0.05 «(highly significant)
L = Jule 0.05 < P<0.2 , (significant) s sas
sl s an S ks s (borderline significant) s,
5 Lasles e Cad il 10 darpY e O plie VYl
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Table 2. Results of ANOVA on abundance of 52 common metabolites from polar fraction of susceptible in
seedling stage (Thatcher Lr22b) and resistance (Thatcher Lr25) near isogenic lines inoculated with sterilized
distilled water, talc powder and pathogen using GLM procedure of SAS.

26 Serine tritms 0.68 0.86 0.95 1.00 1.39 1.73 PR RR

N Name NILs Treat NILs*Treat SW ST SP  RW RT RP PR RR CRR/IRR

7 L-Leucine *x 0.42 058 0.60 0.74 0.64 0.79 PR RR CRR/IRR

10 L-Threonine *x 0.68 0.93 1.06 0.89 0.99 1.08 PR RR IRR

11 L-Proline wx 1.03 093 113 156 1.24 1.77 PR RR

14 Butanedioic acid( Succinic acid) * 3.30 348 423 48 462 505 PR RR CRR/IRR

15 L-Asparagine wEx T 0.26 0.44 059 0.24 0.39 0.61 PR IRR

18 L-Tyrosine T 0.69 0.76 0.81 0.80 0.87 0.97 PR RR IRR

19 Hexadecanoic acid i i il 1.69 0.73 1.17 0.92 0.79 0.77

21 Myo-Inositol i *x 0.61 095 1.36 1.01 1.26 1.60 PR RR CRR/IRR

24 Galactopyranose il il T 0.34 054 0.36 0.22 0.35 0.52

26 L-Aspartic acid * T 244 381 4.28 3.63 4.42 594 PR RR CRR/IRR
* * *

28 D-Fructose * * *x 114 130 146 155 1.64 244 PR RR CRR/IRR

29 D-Glucose ol 480 5.18 4.48 524 6.18 6.44 RR CRR

30 D-Galactose * 1.00 1.01 1.07 111 1.26 146 PR RR CRR/IRR

37 Methylmaleic acid * * faled 0.21 0.24 0.26 0.22 0.21 0.23 PR IRR

38 Ribonic acid *x 0.29 0.41 0.37 0.23 0.23 0.29

40 Decanoic acid *x T 0.12 0.10 0.14 0.18 0.15 0.19 PR RR CRR/IRR

41 Allonic acid * T 0.60 0.33 0.35 0.29 0.23 0.28 PR

44 Serine * il 0.21 0.22 0.25 0.11 0.13 0.22 PR IRR

45 D-Glucitol il 0.20 0.23 0.31 0.28 0.18 0.35 PR IRR

47 Trihydroxybutyric acid T 0.31 0.26 0.38 0.30 0.28 0.29 PR

48 a-Aminoadipic acid il il T 0.07 0.09 0.12 0.09 0.10 0.13 PR RR CRR/IRR

49 D-Ribose * T 0.59 0.58 0.67 0.65 0.74 0.87 PR RR CRR/IRR

50 Cyclohexene * T 0.41 0.44 0.61 0.57 0.85 0.38

51 Glucopyranosiduronic acid il * T 0.43 0.32 0.46 0.44 0.34 051 PR RR CRR

52 9H-Purin-6-amine * * * 0.10 0.10 0.14 0.10 0.20 0.30 PR RR CRR/IRR

5 oY iKen  =NILs* Treat (U6 o5 5 ki OF S lew) 5 ale sles =Treat ¢ (N=NILS o) Jsa> 3 bed plie o )lei-N
0.05 <P=<0.2 4,1 «ignificant) 0.01 < P < 0.05 sl —** «(highly significant) P < 0.01 ¢l ,—* slacde Glas
Lot 5 anbe pwbax oY =ST (ol Lons 53wl p¥=SW > 5 e ple ol Slsl » .Sl (borderline significant)
WS o Ly odd el pslie 0V =RT (Ol L s Siabs pslie (¥ =RW Soley Lo 35wl olom 0n¥ =SP (SI6 s
< ple PR-metabolite i isee =PR (uojlis L ks o o 5ole RR-metabolite —iisee =RR . S5ley Lo Jiale pslis ¥ =RP
Cnslie U dad e od plie it IRR-metabolite (g ksl o slis U Lad 1o & plie Cadses -CRR-metabolite 15 5ls U Lo s

W

N-numb of metabolites in tablel, NILs= near isogenic lines, Treat= inoculation (pathogen, sterilized distilled water and
talc powder), NILs*Treat= interaction NILs and Treat, * for P < 0.01 (highly significant), ** for 0.0l < P < 0.05
(significant), T for 0.05 < P < 0.2 (borderline significant). SW=average of abundance in susceptible NILs inoculated
with water, ST= average of abundance in susceptible NILs inoculated with talc powder, SP= average of abundance in
susceptible NILs inoculated with pathogen, RW= average of abundance in resistant NILs inoculated with water, RT=
average of abundance in resistant NILs inoculated with talc powder, RP= average of abundance in resistant NILs
inoculated with pathogen, RR=Resistance related metabolites, PR= Pathogenesis related metabolite IRR= Induced
Resistance Related metabolite, CRR= Constitutive Resistance Related metabolite
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Fig 1. CAN loading of 26 significant metabolites based on ANOVA filter on abundance of 52 common
metabolites from polar fraction of susceptible lines in seedling stage (Thatcher Lr22b) and resistance (Thatcher
Lr25) inoculated with sterilized distilled water, talcum powder and pathogen (Puccinia triticina).
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Figure 3. Dendrogram based on hierarchical cluster

analysis using the first two canonical variables (see
Fig 1) from the canonical discriminant analysis of
abundance of 26 metabolites 24 h after inoculation
with sterilized distilled water (W), talcum powder(T),
pathogen(P), in three replications (1,2 and 3).
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Fig 2. Scatter plot based on projections first three
significant CAN-vectors of canonical discriminant
analysis (CDA) of abundance of 26 metabolites 24 h
after inoculation susceptible lines in seedling stage
(Thatcher Lr22b) and resistance (Thatcher Lr25)
NILs with sterilized distilled water, talcum powder
and pathogen (Puccinia triticina). CAN1 Vector and
CAN2 Vector represent constitutive resistance and
induced resistance, respectively.
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Red and blue represent susceptible and resistant.A for
inoculation  with  sterilized  distilledwater,»  for
inoculation withtalc powder and afor inoculation
withpathogen.
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Table 3. The result from pathway analysis in wheat-Puccinia triticina pathosystem with MetaboAnalystR (Total
is the total number of compounds in the pathway, the Hits is the actually matched number from the user
uploaded data, FDR is the p value adjusted using False Discovery Rate; Impact is the pathway impact value
calculated from pathway topology analysis )

osla e ol ot
Number Pathway Name Hit/Total FRD Impact
1 Aminoacyl-tRNA biosynthesis 7/67 0.01 0.09
2 Valine, leucine and isoleucine biosynthesis 3/21 0.19 0.24
3 Glucoside biosynthesis 3/26 0.19 0.02
4 Hemicellulose biosynthesis 3/26 0.19 0.02
5 Serine/Threonine kinase biosynthesis 3/29 0.20 0.32
6 Cyanoamino acid metabolism 2/11 0.20 0.00
7 Ascorbate and aldarate metabolism 2/14 0.28 0.00
8 Tyrosine metabolism 2/18 0.39 0.27
9 C5-Branched dibasic acid metabolism 1/4 0.57 0.00
10 Starch and sucrose metabolism 2/25 0.57 0.00
11 Isoquinoline alkaloid biosynthesis 1/6 0.76 0.50
12 Cysteine and methionine metabolism 2/35 0.82 0.00
13 Arginine and proline metabolism 2/37 0.82 0.02
14 Lysine biosynthesis 1/9 0.82 0.00
15 Nicotinate and nicotinamide metabolism 1/10 0.82 0.00
16 Jasmonic acid biosynthesis 1/11 0.82 0.17
17 beta-Alanine metabolism 1/12 0.82 0.00
18 Sulfur metabolism 1/12 0.82 0.00
19 Fatty acid biosynthesis 2/47 0.82 0.00
20 Fatty acid elongation in mitochondria 1/13 0.82 0.00
21 Sphingolipid metabolism 1/13 0.82 0.00
22 Propanoate metabolism 1/14 0.83 0.00
23 Zeatin biosynthesis 1/16 0.84 0.00
24 Pentose phosphate pathway 1/17 0.84 0.00
25 Glyoxylate and dicarboxylate metabolism 1/17 0.84 0.00
26 Inositol phosphate metabolism 1/17 0.84 0.25
27 Fructose and mannose metabolism 1/18 0.84 0.00
28 Butanoate metabolism 1/20 0.84 0.00
29 Citrate cycle (TCA cycle) 1/20 0.84 0.05
30 Carbon fixation in photosynthetic organisms 1/21 0.84 0.00
31 Ubiquinone and other terpenoid-quinone biosynthesis 1/22 0.84 0.00
32 Phenylalanine, tyrosine and tryptophan biosynthesis 1/22 0.84 0.00
33 Phenylpropanoid biosynthesis 1/31 1.00 0.00
34 Valine, leucine and isoleucine degradation 1/34 1.00 0.00
35 Fatty acid metabolism 1/37 1.00 0.00
36 Amino sugar and nucleotide sugar metabolism 1/37 1.00 0.00
37 Purine metabolism 1/55 1.00 0.00

WYV S 55 5 asbuls Vo ols Sl5le 5 opl 45 o (X dsd=) Ls SP. triticina—r,\f SSad 5 93 s
Oryza sativa ale> 3l calirs Ols s g0 31 s 22 035 Fegs Js s e 1 5IG (8 Jsar) VY &S

Arabidopsis thaliana , Japonica (Japanese rice) Sia p\l (IS8 W,S o )3 Emy 3550 0lS gl
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Figure 4. Summary of Metabolomic Pathway
Analysis  (MetPA) in  wheat-Puccinia triticina
Pathosystem  with  MetaboAnalystR  software
package. All the matched pathways are displayed as
circles. The color of each circle is based on p-values
(darker colors indicate more significant changes of
metabolites in the corresponding pathway), whereas
the size of the circle corresponds to the pathway
impact score. The most impacted pathways are
annotated.
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Table 4. The interrelated of pathways detected in
wheat-Puccinia triticina pathosystem with

MetaboAnalystR that have changed with metabolites
in Table 1 |: Reduced production, f: Increased

production

e gl
Pathway Name

ol 3L>Li\ Q\J::;u
Accrued Changes

Proline biosynthesis
Tyrosine metabolism

Serine/Threonine kinase
biosynthesis
Tyrosine metabolism

Valine, leucine and
isoleucine
biosynthesis
Aminoacyl-tRNA
biosynthesis

Cellulose biosynthesis
Shikimate pathway
Inositol phosphate
metabolism

Hemicellulose biosynthesis

Citric acid cycle(TAC)
Glucoside biosynthesis

Jasmonic acid biosynthesis

(T)L-proline
(1)L-Tyrosine
(1)Succinic acid
(1)L-Serine
(1)L-Threonine
(1)L-Tyrosine
(1)Succinic acid
(1)L-Threonine
(1)Citraconic acid
(1)L-Leucine
(1)L-Proline
(1)L-Asparagine
(1)L-Tyrosine
(1)L-Threonine
(1)L-Aspartic acid
(1)L-Serine
(1HD-Glucose

(1) Myo-Inositol

(1) Myo-Inositol
(1H)D-Glucose
(1)D-Galactose
(1)Succinic acid
(Malpha.-D-
Glucopyranoside
(|)Hexadecanoic acid

SulS b e Olglis byl )5 il 0 (thale cress)

Mahdavi et al. 2016; Chong et ) .= fu,;\o. sativa

.(al. 2018

Sow
.

S0 Sos ez Aalae J b 0z
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