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Figure S3. Principal component analysis of the replicates of 14 transgenic Iines expressing 
candidate effectors from Melampsora larici-populina attached to GFP and a control line 
expressing only GFP (black dots). 
Replicates of the same transgenic lines are close together, indicating the homogeneity of the 
sample, with exception of one replicate of each of the following transgenic lines: Mlp 102036 
(yellow), Mlpl06078 (red), Mlpl24256 (sky blue) and Mlp124357 (dark green). The underlying 
data for this figure can be found at (dos Santos et al. , 2020). 

File SI. Heatmaps of deregulated genes separated by KEGG pathway. 
Pathways with at least 10 genes deregulated across the experiment were selected for display of 
genes deregulated in each transgenic line. The underlying data for this file can be found at 
dos Santos et al. (dos Santos et al. , 2020). 
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File 81. Figure 1. Photosynthesis. 
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File 81. Figure 2. Cysteine and methionine metabolism. 
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File SI. Figure 4. Starch and sucrose metabolism. 
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File SI. Figure 5. Glyoxylate and dicarboxylate metabolism. 
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File St. Figure 6. Phenylpropanoid biosynthesis. 
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File St. Figure 7. Ribosome. 
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File SI. Figure 8. MAPK signaling pathway. 
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File SI. Figure 9. Plant-hormone signal transduction. 

Fold change 
6 
4 
2 
o 
- 2 
-4 
-6 

107 



A T3Gs0770 - CML41 

ATlG01340 - CNGC10 

AT3G47480 - CML47 

AT3G17690 - CNGC19 

AT2G38470 - WRKY33 

AT2G19190 - SIRK 

ATsGs2640 - HSP90- 1 

ATsG42380 - CML37 

AT3G01830 - CML40 

A T3G48080 - EDS 1 B 

ATsG47910 - RBOHD 

AT2G41 090 - CML10 

AT2G46430 - CNGC3 

AT2G14610 - PRl 

AT2G13790 - SERK4 

AT4G39090 - RD19A 

AT3G4s640 - MPK3 

AT1G21ss0 - CML44 

AT2G41100 - CML 12 

AT4G14640 - CML8 

AT4G010l0 - CNGC13 

AT3Gl0280 - KCS14 

AT2G 1 5090 - KCS8 

AT1G66400 - CML23 

AT2G04030 - HSP90- s 

ATsGsl060 - RBOHC 

ATsG49480 - ATCPl 

AT4G20780 - CML42 

AT2G464s0 - CNGC12 1 AT2G46440 - CNGCll 

File SI. Figure 10. Plant-pathogen interaction. 
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File SI. Figure 11. Circadian rhythm. 
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Table SI. List of deregulated genes across the experiment with log2-transformed fold changes 
(FC) and false discovery rates (FOR) for each transgenic line. 

Table S2. Percentage ofidentity and similarity, presented as "ID (SIM)", calculated with pairwise 
sequence alignment of CEs using Needle. 

Mlp37347 

Mlp72983 

Mlp102036 

Mlp106078 

Mlp123218 

Mlp123227 

Mlpl23531 

Mlp124256 

Mlpl24266 

Mlp124357 

Mlpl24466 

Mlpl24497 

Mlp124499 

Mlp124518 

Mlp37347 

100 (100) 

Mlp72983 MlplO2036 

3.1(4.9) 14.1 (28.9) 

100 (100) 12.2 (14.1) 

100 (100) 

MlplO6078 Mlp123218 

8.8 (13.8) 1.6 (2.0) 

13.8 (17.3) 22.2 (31.7) 

11 (14.2) 8.1 (12.9) 

100 (100) 12.4 (16.1) 

100 (100) 



110 

Table S2. Continuation. 

Mlp123227 Mlp123531 Mlp124256 Mlp124266 Mlp124357 

Mlp37347 8.1 (12.4) 8.8 (13.1) 2.9 (5.9) 10.7 (16.1) 9.3 (11.0) 

Mlp72983 12.0 (16.8) 9.4 (11.3) 3.9 (5.6) 9.6 (12.5) 7.5 (11.3) 

Mlp102036 0.6(1.1) 9.7 (16.1) 7.6 (13.6) 7.0 (14.9) 7.9(11.8) 

Mlp106078 6.7 (8.4) 6.8 (9.3) 9.2 (14.8) 10.1 (17.1) 7.1 (8.3) 

Mlpl23218 3.9 (6.7) 7.1 (14.8) 4.6 (7.8) 11.6 (17.6) 9.3 (12.5) 

Mlpl23227 100 (100) 1.1 (1.1) 1.3 (1.3) 0.6 (1.2) 1.2 (3.7) 

Mlp123531 100 (100) 8.0 (8.8) 8.9 (14.3) 9.8 (9.8) 

Mlp124256 100 (100) 38.2 (45.6) 22.7 (27.3) 

Mlp124266 100 (100) 19.2(21.2) 

Mlp124357 100 (100) 

Mlp124466 

Mlp124497 

Mlp124499 

Mlp124518 

Table S2. Continuation. 

Mlp124466 Mlp124497 Mlp124499 Mlp124518 

Mlp37347 10.2 (18.0) 9.8 (11.2) 2.5 (7.0) 14.0 (16.8) 

Mlp72983 3.6 (4.0) 6.6 (8.0) 6.0 (11.5) 4.4 (9.3) 

Mlpl02036 8.7 (15.5) 8.8 (13.3) 6.7 (13.5) 8.1 (9.9) 

Mlp106078 2.8 (6.2) 7.5 (11.3) 10.3 (13.5) 5.9(8.1) 

Mlp123218 5.1 (10.2) 8.1 (12.6) 6.3 (12.1) 7.9 (14.2) 

Mlp123227 1.4 (2.1) 0.7 (0.7) 2.1 (2.1) 6.5 (13.0) 

Mlp123531 12.4 (17.5) 10.8 (17.2) 4.5 (5.5) 4.2 (5.9) 

Mlp124256 10.5 (14.0) 15.7 (22.9) 14.8 (17.3) 13 .9 (24.1) 

Mlp124266 0.9 (3.7) 17.1 (28.9) 13.0 (24.7) 0.9 (2.6) 

Mlp124357 4.3 (4.3) 19.8 (34.6) 14.1 (17.6) 13.3 (2.0) 

Mlp124466 100 (100) 12.8 (17.9) 2\.5 (33.8) 12.0 (16.0) 

Mlp124497 100 (100) 41 .8 (54.5) 20.0 (38.3) 

Mlp124499 100 (100) 35.7 (53.6) 

Mlp124518 100 (100) 
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Table S3. Summary of metabolomic analysis in negative mode of extractions with 20% and 
80% methanol combined. 
Assigned, CHO, CHON and Mean mass refer exclusively to the sample in question, while the 
amount of deregulated formulas considers those m/z detected in the sample or in the Control. 

Highly 
Sample Assigned CHO CHON Mean mass unsaturated 

and phenolic 

Mlp37347 2954 1800 1154 451.517 1509 

Mlp72983 3056 2171 885 461.914 1655 

M1p102036 3045 1893 1152 442.952 1539 

M1pl06078 2796 1691 1105 445.203 1454 

Mlp123218* 2695 1710 985 431.274 1398 

Mlp123227 2679 1663 1016 439.461 1320 

Mlp123531 3073 1946 1127 450.879 1610 

M1p124256 2815 1887 928 453.082 1495 

M1p124266 2754 1679 1075 435.403 1340 

M1p124357 3151 1983 1168 448.153 1599 

Mlp124466 3026 1969 1057 450.488 1587 

M1p124497 2937 1801 1136 449.426 1464 

M1p124499 2946 1878 1068 443.459 1493 

M1p124518 2735 1651 1084 437.807 1345 

Control 3113 2097 1016 458.505 1712 

Table S3. Continuation 

Sample Aliphatic Peptides Polyphenolics 
Condensed 

Sugars 
aromatics 

M1p37347 822 402 127 47 47 

Mlp72983 887 285 125 40 64 

Mlpl02036 802 448 145 64 47 

Mlp106078 769 351 128 54 40 

Mlp123218* 715 379 118 53 32 

Mlp123227 754 378 122 59 46 

Mlp123531 815 422 125 57 44 

Mlp124256 829 248 134 57 52 

Mlp124266 798 395 122 58 41 

Mlp124357 892 428 131 53 48 

Mlp124466 863 361 122 50 43 

M1p124497 844 418 122 52 37 
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Sample Aliphatic Peptides Polyphenolics 
Condensed 

Sugars 
aromatics 

Mlp124499 827 375 150 63 38 

Mlp124518 767 400 122 61 40 

Control 835 309 143 56 58 

Table S3. Continuation 

Sample Identified Deregulated (%) Up-regulated (%) Down-regulated (%) 

Mlp37347 3576 lOI (2.82) 58 (1.62) 43 (1.20) 

Mlp72983 3575 100 (2.80) 22 (0.62) 78 (2.18) 

Mlpl02036 3719 278 (7.48) 164 (4.41) 114 (3.07) 

Mlpl06078 3522 119 (3.38) 46(1.31) 73 (2.07) 

Mlp123218* 3515 139 (3.95) 97 (2.76) 42 (1.19) 

Mlp123227 3645 353 (9.68) 172 (4.72) 181 (4.97) 

Mlp123531 3599 113(3.14) 70 (1.94) 43 (1.19) 

Mlp124256 3470 77 (2.22) 25 (0.72) 52 (1.50) 

Mlp124266 3595 244 (6.79) 90 (2.50) 154 (4.28) 

Mlp124357 3689 148 (4.01) 64 (1.73) 84 (2.28) 

Mlpl24466 3530 69 (1.95) 24 (0.68) 45 (1.27) 

Mlp124497 3601 171 (4.75) 82 (2.28) 89 (2.47) 

Mlp124499 3613 217 (6.01) 118(3.27) 99 (2.74) 

Mlpl24518 3547 237 (6.68) 117 (3.30) 120 (3.38) 

Control 3113 

Table S4. Metabolites assigned and deregulated in each sam pie separated by category. 
Identified metabolites are m/z detected either in the sample or in the control. The percentages were 
calculated by dividing the number of formulas assigned or deregulated in the sample in each 
category by the number of formulas identified in that sample and multiplying by 100. 

Sample 

Control 

Compound 
category 

Polyphenolic 
Highly 
unsaturated 
and phenolic 
Peptide-like 
Aliphatic 
Sugar 
Condensed 
aromatic 

Identified 
(%) 

143 

1712 

309 
835 

58 

56 

Assigned 
Deregulated 

(%) 
Up(%) 

Down 
(%) 
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Sample 
Compound Identified 

Assigned 
Deregulated Up(%) Down 

category (%) (%) (%) 

Polyphenolic 1947 (54.45) 1509 57 (1.59) 26 (0.73) 31 (0.87) 
Highly 
unsaturated 437 (12.22) 402 20 (0.56) 20 (0.56) 0(0.00) 
and phenolic 

Mlp37347 Peptide-like 61 (1.71) 47 2 (0.06) 1 (0.03) 1 (0.03) 
Aliphatic 166 (4.64) 127 8 (0.22) 5 (0.14) 3 (0.08) 
Sugar 67 (1.87) 47 1 (0.03) 1 (0.03) 0(0.00) 
Condensed 

898 (25.11) 822 13 (0.36) 5(0.14) 8 (0.22) aromatic 

Polyphenolic 1966 (54.99) 1655 63 (1.76) 13 (0.36) 50 (1.40) 
Highly 
unsaturated 366 (10.24) 285 13 (0.36) 2 (0.06) 11 (0.31) 
and phenolic 

Mlp72983 Peptide-like 62 (1.73) 40 6 (0.17) 0(0.00) 6 (0.17) 
Aliphatic 166 (4.64) 125 7 (0.20) 1 (0.03) 6(0.17) 
Sugar 80 (2.24) 64 2 (0.06) 0(0.00) 2 (0.06) 
Condensed 

935 (26.15) 887 9 (0.25) 6 (0.17) 3 (0.08) aromatic 

Polyphenolic 2004 (53 .89) 1539 158 (4.25) 68 (l.83) 90 (2.42) 
Highly 
unsaturated 495 (13.31) 448 75 (2.02) 69 (1.86) 6 (0.16) 
and phenolic 

Mlpl02036 Peptide-like 75 (2.02) 64 3 (0.08) 2 (0.05) 1 (0.03) 
Aliphatic 178 (4.79) 145 14 (0.38) 7 (0.19) 7(0.19) 
Sugar 70 (1.88) 47 6(0.16) 3 (0.08) 3 (0.08) 
Condensed 

897 (24.12) 802 22 (0.59) 15 (0.40) 7(0.19) aromatic 

Polyphenolic 1942 (55.14) 1454 78 (2.21) 25 (0.71) 53 (1.50) 
Highly 
unsaturated 400 (11.36) 351 17 (0.48) 14 (0.40) 3 (0.09) 
and phenolic 

Mlpl06078 Peptide-like 66 (l .87) 54 2 (0.06) 0(0.00) 2 (0.06) 
Aliphatic 172 (4.88) 128 9 (0.26) 1 (0.03) 8 (0.23) 
Sugar 64 (1.82) 40 0(0.00) 0(0.00) 0(0.00) 
Condensed 

878 (24.93) 769 13 (0.37) 6 (0.17) 7 (0.20) aromatic 

Polyphenolic 1895 (53.91) 1398 67 (1.91) 36 (1.02) 31 (0.88) 
Highly 
unsaturated 444 (12 .63) 379 53 (1.51) 49 (1.39) 4(0.11) 
and phenolic 

Mlp123218 Peptide-like 69 (1.96) 53 3 (0.09) 2 (0.06) 1 (0.03) 
Aliphatic 166 (4.72) 118 4 (0.11) 2 (0.06) 2 (0.06) 
Sugar 62 (1.76) 32 2 (0.06) 0(0.00) 2 (0.06) 
Condensed 

879 (25.01) 715 10 (0.28) 8 (0.23) 2 (0.06) aromatic 
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Sam pie 
Compound Identified 

Assigned 
Deregulated 

Up(%) 
Down 

category (%) (%) (%) 

Polyphenolic 1974 (54.16) 1320 214(5.87) 71 (1.95) 143 (3.92) 
Highly 
unsaturated 439 (12.04) 378 59 (1.62) 54 (1.48) 5 (0.14) 
and phenolic 

Mlp 123227 Peptide-like 77 (2.11) 59 12 (0.33) 5(0.14) 7 (0.19) 
Aliphatic 182 (4.99) 122 20 (0.55) 8 (0.22) 12 (0.33) 
Sugar 76 (2.09) 46 8 (0.22) 4 (0.11) 4 (0.11) 
Condensed 

897 (24.61) 754 40 (1.10) 30 (0.82) aromatic 10 (0.27) 

Polyphenolic 1951 (54.21) 1610 59 (1.64) 28 (0.78) 31 (0.86) 
Highly 
unsaturated 449 (12.48) 422 28 (0.78) 27 (0.75) 1 (0.03) 
and phenolic 

Mlp123531 Peptide-like 68 (1.89) 57 2 (0.06) 1 (0.03) 1 (0.03) 
Aliphatic 162 (4.50) 125 6(0.17) 2 (0.06) 4 (0.l1) 
Sugar 68 (1.89) 44 4 (0.11) 1 (0.03) 3 (0.08) 
Condensed 

901 (25.03) 815 14 (0.39) Il (0.31) 3 (0.08) 
aromatic 

Polyphenolic 1916 (55.22) 1495 49 (1.41) 14(0.40) 35 (1.01) 
Highly 
unsaturated 340 (9.80) 248 10 (0.29) 3 (0.09) 7 (0.20) 
and phenolic 

Mlp124256 Peptide-I ike 68 (1.96) 57 4(0.12) 3 (0.09) 1 (0.03) 
Aliphatic 171 (4.93) 134 1 (0.03) 0(0.00) 1 (0.03) 
Sugar 77 (2.22) 52 4(0.12) 2 (0.06) 2 (0.06) 
Condensed 

898 (25.88) 829 9 (0.26) 3 (0.09) 6(0.17) 
aromatic 

Polyphenolic 1936 (53.85) 1340 153 (4.26) 34 (0.95) 119(3.31) 
Highly 
unsaturated 438 (12.18) 395 32 (0.89) 26 (0.72) 6 (0.17) 
and phenolic 

Mlp124266 Peptide-like 74 (2.06) 58 9 (0.25) 4(0.11) 5 (0.14) 
Aliphatic 168 (4.67) 122 14 (0.39) 5 (0.14) 9 (0.25) 
Sugar 71 (1.97) 41 8 (0.22) 5 (0.14) 3 (0.08) 
Condensed 

908 (25.26) 798 28 (0.78) 16 (0.45) 12 (0.33) 
aromatic 

Polyphenolic 1983 (53.75) 1599 94 (2 .55) 27 (0.73) 67 (1.82) 
Highly 
unsaturated 459 (12.44) 428 24 (0.65) 23 (0.62) 1 (0.03) 
and phenolic 

Mlp124357 Peptide-like 67 (1.82) 53 6 (0.16) 2 (0.05) 4 (0.11) 
Aliphatic 169 (4.58) 131 9 (0.24) 4 (0.11) 5 (0.14) 
Sugar 71 (1.92) 48 2 (0 .05) 0(0.00) 2 (0.05) 
Condensed 

940 (25.48) 892 13 (0.35) 8 (0.22) 5 (0.14) aromatic 
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Sample 
Compound Identified 

Assigned 
Deregulated Up(%) Down 

category (%) (%) (%) 

Polyphenolic 1920 (54.39) 1587 50 (1.42) 14 (0.40) 36 (1.02) 
Highly 
unsaturated 402 (11.39) 361 5 (0.14) 3 (0.08) 2 (0.06) 
and phenolic 

Mlp124466 Peptide-like 62 (1.76) 50 0(0.00) 0(0.00) 0(0.00) 
Aliphatic 164 (4.65) 122 4 (0.11) 1 (0.03) 3 (0.08) 
Sugar 66 (1..87) 43 0(0.00) 0(0.00) 0(0.00) 
Condensed 

916 (25.95) 863 10 (0.28) 6 (0.17) aromatic 4 (0.11) 

Polyphenolic 1951 (54.18) 1464 99 (2.75) 30 (0.83) 69 (1.92) 
Highly 
unsaturated 448 (12.44) 418 44 (1.22) 44 (1.22) 0(0.00) 
and phenolic 

Mlp124497 Peptide-like 64 (1.78) 52 3 (0.08) 0(0.00) 3 (0.08) 
Aliphatic 162 (4.50) 122 6 (0.17) 0(0.00) 6(0.17) 
Sugar 67 (1.86) 37 3 (0.08) 0(0.00) 3 (0.08) 
Condensed 

909 (25.24) 844 16 (0.44) 8 (0.22) 8 (0.22) aromatic 

Polyphenolic 1960 (54.25) 1493 134(3.71) 48 (1.33) 86 (2.38) 
Highly 
unsaturated 423(11.71) 375 48 (1.33) 47 (1.30) 1 (0.03) 
and phenolic 

Mlp124499 Peptide-like 71 (1.97) 63 2 (0.06) 1 (0.03) 1 (0.03) 
Aliphatic 185 (5.12) 150 12 (0.33) 5 (0.14) 7 (0.19) 
Sugar 65 (1.80) 38 2 (0.06) 1 (0.03) 1 (0.03) 
Condensed 

909 (25.16) 827 19 (0 .53) 16 (0.44) 3 (0.08) aromatic 

Polyphenolic 1913 (53.93) 1345 145 (4.09) 47 (1.33) 98 (2.76) 
Highly 
unsaturated 438 (12.35) 400 54 (1.52) 53 (1.49) 1 (0.03) 
and phenolic 

Mlp124518 Peptide-like 72 (2.03) 61 4(0.11) 3 (0.08) 1 (0.03) 
Aliphatic 171 (4.82) 122 Il (0.31) 5 (0.14) 6(0.17) 
Sugar 68 (1.92) 40 5 (0.14) 2 (0.06) 3 (0.08) 
Condensed 

885 (24.95) 767 18 (0.51) 7 (0.20) Il (0.31) 
aromatic 



Table S5. Parameters used for bioinfonnatic analyses. 

Analysis step 

Read trimming 
and filtering 

Read alignrnent 

Read count 

Filtering out 
weakly expressed 
genes 
Variation between 
replicates and 
samples 

Differentiai 
expressIon 
analysis 

GO enrichrnent 

KEGG enrichrnent 

Software 

Trimmomatic 

HISAT2 

GenomicFeatures 

GenomicAlignrnents 

CustomSeletion 

R 
4.0.0 DESeq2 

clusterProfiler 

KEGGprofiie 

Parameters 

phred 33 
LEADING:3 
3 TRAILING: 3 
SLIDINGWINDOW:4: 15 
MINLEN:25 
default parameters and mate inner 
distance according to the replicate 
With makeTxDbFromBiomart: 
biomart = "plants _ mart" 
dataset = "athaliana _ eg_gene" 
id J)refix = "ensembl_" 
host = "plants.ensembl.org" 
taxonomyId = 3702 
transcri ptsB y(" gene") 
summarizeOveriaps: 
mode = Union 
singleEnd = F 
ignore. strand = F ALSE 
fragments = T 

mean(TPM) < mean(DAFS cutoff) 

plotPCA: 
ntop = AIl Arabidopsis genes 
expressed in samples 
estimateSizeFactors using 
controlGenes 
DESeq : 
betaPrior = T 
Ilog2(Fold change)1 ~ 2 
adjusted pValue :S 0.01 
enrichGO: 
universe = AlI Arabidopsis genes 
expressed in samples 
OrgDb = "org.AUair.db" 
ont = "BP" 
keyType = "T AIR" 
pAdjustMethod = "BH" 
pvalueCutoff= 0.01 
qvalueCutoff= 0.05 
readable = TRUE 
simplify 
find _ enriched J)athway: 
species = "ath" 
download latest = TRUE 
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Analysis step Software Parameters 

blockwiseModules: 
log2-transfonned TPM values of 
deregulated genes 
power = 14 

WGCNA 
TOMType = "unsigned" 
minModuleSize = 30 
reassignThreshold = 0 
mergeCutHeight = 0.3 

Co-expressi on nurnericLabels = TRUE 
network analysis parnRespectsDendro = F ALSE 

Table S6. Sequencing results and alignment surnmary. 

Sample Number Average Mate inner Duplicate Surviving Aligned Aligned 
name of Reads Quality distance (%) (%) 

CNT- l 12959539 37 50 39.57 11420407 6578769 58 

CNT-2 17628091 39 60 24.15 16441 057 15326908 93 

CNT-3 44449775 39 84 32.81 40740349 38447039 94 

102036-1 14725402 38 115 21.91 13749600 12482030 91 

102036-2 16097041 38 110 24.53 14863654 13794 120 93 

102036-3 18644518 38 110 19.00 17175540 14 121 101 82 

106078-1 14806842 38 70 27.15 13707505 12657991 92 

106078-2 16097885 38 70 23.93 14896296 13 620408 91 

106078-3 57392 974 39 55 35.94 52226039 49146796 94 

123218-1 14941915 38 60 20.13 13911559 12766811 92 

123218-2 19202251 38 60 24.98 17 740 615 16007510 90 

123218-3 14573522 38 65 27.47 13336684 10353032 78 

123227-1 14506 123 38 60 23.68 13 559 794 12650378 93 

123227-2 13690077 38 70 21.88 12740323 11674516 92 

123227-3 14221348 38 65 25.24 13044995 10662871 82 

123531-1 30255033 39 70 53.11 28677 354 26311 924 92 

123531-2 29847359 39 60 46.49 28400730 26243 184 92 

123531-3 33 185737 39 65 30.72 31504015 29 142533 93 

124256-1 13219309 38 110 22.30 12270 185 11 319954 92 

124256-2 15023134 38 60 23. 12 13721513 Il 218900 82 

124256-3 53119639 39 60 38.35 48711 081 45705676 94 

124266-1 14512508 37 60 21.17 13288961 12 184913 92 

124266-2 14 343047 37 100 23.84 13084917 11752213 90 

124266-3 16738628 37 70 21.41 15203780 13696801 90 

124357-1 17594958 38 80 22.41 16313595 15 140354 93 

124357-2 15759938 38 115 21.54 14538561 13 287 744 91 

124357-3 17205907 38 105 19.78 15 823808 13 959229 88 

124466-1 15994909 38 150 21.84 14896010 13 790242 93 

124466-2 17877 587 38 105 20.43 16470499 14898728 90 
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Sample Number Average Mate inner Duplicate Surviving Aligned Aligned 
name of Reads Quality distance (%) (%) 

124466-3 12451485 39 70 19.33 11616591 10726259 92 

124497-1 15410965 39 70 21.36 14559104 13634149 94 

124497-2 25299826 39 60 29.76 23916582 22 416 808 94 

124497-3 14250049 39 70 24.61 12724994 11 533 107 91 

124499-1 12422097 38 60 22.33 11615353 10818003 93 

124499-2 14079283 38 60 21.04 13059459 Il 939 187 91 

124499-3 16445351 38 100 27.87 14910023 13 122045 88 

124518-1 14485964 36 110 23.32 13094223 Il 731 759 90 

124518-2 12911956 36 105 23.39 11553534 9944892 86 

124518-3 Il 347886 34 45 21.35 9346542 8246506 88 

37347-1 27 784075 39 70 28.79 26345883 25 136 138 95 

37347-2 23439580 38 65 31.35 21 914868 20722973 95 

37347-3 14033172 39 65 23.16 13268922 12674770 96 

72983-1 23393778 38 55 21.00 21669 L05 19896426 92 

72983-2 15230634 38 55 24.76 13982 126 12497 170 89 

72983-3 14014784 38 64 24.18 12928472 11095184 86 



CHAPTERIV 

CONCLUSION 

4.1 Conclusion 

Obligate biotrophic plant pathogens are difficult organisms to study because their 

lifestyle imposes limitations to genetic manipulations. This is the case for rust fungi. 

However, for poplar rust, M larici-populina, there are resources available: the genomes 

ofboth the pathogen and its telial host, poplar, are assembled and annotated. These allow 

evolutionary analyses and facilitate the interpretation of functional analyses in 

heterologous systems. M larici-populina's genome has 19550 predicted protein-coding 

genes, ofwhich 1 184 encode small secreted proteins. These are enriched among the most 

up-regulated genes during poplar infection, compared to urediniospores, indicating they 

might play a role in the infection process (Duplessis et al., 2011a). From these proteins, 

CEs were prioritized for functional studies in heterologous systems (Ahmed et al. , 2018; 

Germain et al. , 2018; Madina et al., 2020; Petre et al. , 2016), revealing that they 

accumulate in specific cellular compartments, interact with plant proteins or DNA and 

impact Arabidopsis susceptibility to bacterial and/or oomycete infection (Ahmed et al., 

2018; Germain et al. , 2018; Madina et al., 2020; Petre et al. , 2015). 

In the CUITent study, we further analysed, in Arabidopsis, the impact of 14 ofthese 

prioritized CEs from M larici-populina (presented in Table 1 - Chapter III) using 

transcriptomics and metabolomics. We used the algorithm DESeq2 for differential 

expression analysis, which is suggested for experiments with five or less replicates per 

sample (Costa-Silva et al., 2017; Quinn et al. , 2018), with reference genes for the 

calculation of size factors. However, it was not possible to know a priori which genes 

were impacted by the selected CEs. We selected several housekeeping genes, such as 

Actin and Tubulin commonly used as references in RT-qPCR analyses, but these showed 

high level of variability in expression in our samples (Figure 1 - Chapter II). To solve 
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this issue, we developed a R package for selection of reference genes using read counts 

from RNAseq studies (dos Santos et al., 2020a). This package is user-friendly and can be 

particularly beneficial for transcriptomic studies on non-model organisms, given that it 

does not require prior knowledge on specific genes. We used this R package to ca\culate 

the average expression (in TPM) of Arabidopsis genes across all samples, to eliminate 

genes weakly expressed and to select the genes with lowest covariance of TPM levels as 

references. 

The differential expressIOn analysis of the CE-expressing Arabidopsis plants 

revealed that each CEs impacted the plants in different levels, from 84 differentially 

expressed genes (DEGs), in the transgenic line Mlp 106078, to 898 DEGs, in the line 

Mlp 123531. For the metabolomic analysis of these transgenic plants, it was not possible 

to know a priori which metabolites could impacted by the selected CEs, th us we used an 

untargeted approach. Although we employed ultra-high-resolution mass spectrometry for 

the detection ofmetabolites, the lack of information in public databases prevented us from 

identifying 4207 out of the 5 192 metabolites detected (81.03%). For this reason, we did 

not evaluate the metabolic pathways deregulated by the CEs. However, the number of 

compounds in each sample and the patterns of metabolite deregulation in our transgenic 

lines do not change with the identity of the molecules detected. We found that the CEs 

had a differential impact in the metabolite concentrations in the plants: while plants 

expressing the CE Mlp124466 showed differential accumulation of 68 compounds, 

352 were deregulated in the line Mlp123227. 

This unique concurrent study of multiple CEs allowed us to compare their impact in 

the plant. For two CE families , we studied more than one member, namely for the family 

CPG5464 (AvrP4 homologues) we studied the CEs Mlp124256 and Mlp124266, and for 

the family CPGHI we studied the CEs Mlp124497, Mlp124499 and Mlp124518. 

We found that the members of the same family did not deregulate the same genes 

(Figure 2 - Chapter III) nor the same metabolites (Figure 6B - Chapter III, with the 

exception ofMlp124499 and Mlp124518). However, metabolite and gene deregulation 

patterns from plants expressing these CEs are similar to those from plants expressing CEs 
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belonging to different families (for gene deregulation: MlpI24497-Mlp37347, 

Mlp124499-MlpI24256, and MlpI23227-Mlp124266; for metabolite deregulation: 

MlpI24266-Mlp124357). In other words: CEs of the same family deregulate different 

genes and metabolites, and vice-versa. 

Still, we cannot mie out the possibility that our results for each CE were impacted 

by the insertion site ofthe transgenes, since we only evaluated one transgenic line for each 

CE. Nevertheless, given that this work was conducted with 14 CE-expressing lines, 

it is unlikely that the insertion site impacted ail of them in the same manner, supporting 

the results that consider ail transgenic lines. Ideally, both the transcriptomic and 

metabolomic analyses would have been conducted with three independent transgenic lines 

for each CE, which would serve as biological replicates for the impact of the CEs, and 

three independent replicates for the individual transgenic lines. Yet, we can corroborate 

the results of individual CEs: RT-qPCR analyses of selected deregulated genes with 

two transgenic lines for each CE will be performed in the near future. 

Another point to address is our metabolomic data. We pooled several seedlings into 

each replicate. After metabolite extraction, four replicates of each transgenic line were 

pooled into a single sample. Thus, the results presented for individual transgenic lines are 

derived from multiple plants. However, the lack of replication for the quantification of 

metabolites allowed only a comparison of metabolic profiles, but not the calculation of 

the statistical significance of the results. In addition, only 385 compounds were putatively 

annotated (matching a single known metabolite), 81.03% of the compounds we 

detected remained unidentified due to the absence of matching data in public databases. 

Other 600 compounds (11.56% of the metabolites detected) were ambiguously annotated, 

reaching a maximum of 45 matches for the m/z 179.056111 (molecular formula C6HI 20 6). 

Although we could have performed chromatography coupled to mass spectrometry, 

this would have solely allowed the potential unambiguous annotation ofthese compounds 

whose m/z matched multiple known metabolites. 
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Here we presented a macroscopic comparison ofthe effector-triggered susceptibility 

caused by 14 CEs from M larici-popufina in Arabidopsis plants, through constitutive 

expression of the selected transgenes directly in planta. This heterologous system allows 

the high throughput study of effectors/CEs, however it has several caveats. 

First, M larici-popufina infects Larix spp. (gyrnnosperm) and Populus spp. (angiosperm, 

order Malpighiales) (Hacquard et al. , 2011), the impact of this fungus ' proteins in 

Arabidopsis (angiosperm, order Brassicales) may be different from what they cause in the 

true hosts because of the evolutionary divergency between these plants. However, the CEs 

selected for this study show induced expression during poplar infection (Duplessis et al., 

2011a; Hacquard et al. , 2012), suggesting they play a role in the infection of this host. 

In addition, both poplar and A rabidops is are eudicots of the Rosid clade (Zeng etaI., 2017; 

Zhu et al. , 2007). Second, effectors are not present in the plant constantly, the y are 

secreted by the pathogen at specific moments of the infection (Duplessis et al. , 20 Il b; 

Hacquard et al., 2012). The expression of CEs under the control of a constitutive promoter 

(in this case, the Cauliflower Mosaic Virus 35S promoter) may provoke plant alterations 

(for example, developmental changes) that do not take place in the timespan the plant is 

in contact with the CE in the true system. Finally, in our transgenic lines the CEs are 

expressed in all plant cells, but during the infection effectors are not ubiquitous: theyare 

present in cells in contact with the pathogen (Hacquard et al. , 2012) or close to the 

pathogen (Djamei et al. , 2011a). These issues need to be considered when translating the 

results presented here to poplar-poplar rust and larch-poplar rust systems. 

4.2 Perspectives 

To understand how pathogens interact with their hosts and to shed light into what 

makes plants susceptible it is necessary to study CEs. We found that paralogous CEs had 

different impact in the plant, while CEs with low sequence similarity converged into the 

deregulation of the same genes and pathways. It is possible that CEs from the same family 

underwent functional diversification, as shown for Tin2 from U maydis and Sporosorium 

reiliannum (Tanaka et al. , 2019), GALA effectors from R. solanacearum (Remigi et al. , 

20 Il), and HopAF from P. savastanoi (Castafieda-Ojeda et al. , 2017). On the other hand, 
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CEs from different families with similar function could have similar three-dimensional 

structure, which is the case of several CEs from Blumeria graminis: although they share 

sequence identity of about 20%, their predicted structure is conserved, similar to the 

structure of the ribonuclease Tl from Aspergillus sp. (Pedersen et al., 2012). It is also 

possible that the CEs from the same family interact with similar host targets that play a 

role in different pathways, while CEs from different families may interact with different 

host targets in the same pathway (Win et al., 2012). These avenues should be the subject 

of future studies with rust effectors. A more in-depth evaluation of the phenomenon 

uncovered here should compare the protein structure of several members of multiple CE 

families and their impact in the host. 

We also showed in this work that the CEs prioritized impact many plant pathways, 

including the deregulation of important genes related to plant defense and hormone 

signaling (File SI - Chapter III). This supports the hypothesis that these proteins are 

bonafide effectors. Of the 14 CEs from this work, two have been selected for in-depth 

analysis oftheir function: Mlp37347 (unpublished) and Mlp124357 (Madina et al., 2020). 

In addition, the CEs Mlp124266 (CPG5464) and Mlp124499 (CPGHl) were the subject 

of a structural genomics study, however the three-dimensional structure of Mlp 124499 

could not be elucidated (de Guillen et al., 2019). Mlp 124266 has a structure similar to the 

knottin cycloviolacin 02, an antibiotic protein from Viola odorata, but the differences 

between the two proteins do not suggest that Mlp124266 has a similar antibiotic activity 

(de Guillen et al., 2019). It remains to be evaluated ifMlp124256 (CPG5464) and other 

members of this family are also structurally similar to knottins, and more specifically to 

the membrane-interacting cycloviolacin 02. 

Two other CEs deserve to be further analysed based on our data. Mlp123531 and 

Mlp72983 were the CEs which most deregulated the transcriptome in this study (Figure 1 

- Chapter III), including the down-regulation of genes related to photosynthesis, ethylene 

biosynthesis, nitrogen metabolism, ribosome, MAPK signaling, plant-pathogen 

interaction and hormone signaling (File SI - Chapter III). Whether these proteins impact 

the transcriptome directly, through interaction with DNA or with transcription factors , 
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or indirectly, remains to be elucidated. Future studies with these CEs should corroborate 

in the true ho st the resuIts obtained in Arabidopsis/N benthamiana (subcellular 

localization, and transcriptome and metabolome deregulations). In addition, questions to 

be answered in the future about these CEs include: 

• These CEs down-regulated key pathogen-responsive genes in the absence of 

pathogen or stress condition, including PR1, RBOHD, PDF1.2A, PDF1.2B 

and AT4G26120 (homologous to NPR1, Mlp72983), RBOHC and MPK3 

(MlpI23531) and WRKY33, several calmodulin-like proteins, PDF1.2B and 

EDS 1 B (both CEs). How these proteins impact the plant during stress 

conditions, namely pattern-triggered immunity? 

• Are the transcriptomic changes caused by these CEs related to the deregulation 

of defense-related hormones, such as SA, lA, ET and ABA? 

4.3 Final conclusions 

Here we show that the similarity of effectors' sequences and of their impact in the 

plant are not correlated, and this finding is supported by few previous studies which 

investigated single effector families, showing that, in both P. savastanoi (Castafieda­

Ojeda et al., 2017) and in R. solanacearum (Remigi et al., 2011), effectors from the same 

family affected plant immunity differently. This is significant because, in plant pathology, 

CEs are grouped into families to facilitate their study, the characteristics ofwhole families 

are considered when selecting priority candidates for functional analyses (Hacquard et al., 

2012; Saunders et al., 2012), and high-throughput studies have selected one member per 

effector family for functional characterization (Germain et al., 2018; Petre et al., 2015). 

Thus, our results indicate that sequence similarity may misguide efforts for functional 

characterization CEs. 
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Summary 

Rust fungi (Pucciniales) are the largest group of plant pathogens and represent one of the most 

devastating threats to agricultural crops worldwide. Despite the economic importance of these 

highly specialized pathogens, many aspects oftheir biology remain obscure, largely because rust 

fungi are obligate biotrophs. The rise of genomics and advances in high-throughput sequencing 

technology have presented new options for identifying candidate effector genes involved in 

pathogenicity mechanisms of rust fungi . Transcriptome analysis and integrated bioinformatics 

tools have led to the identification of key genetic determinants of host susceptibility to infection 

by rusts. Thousands of genes encoding secreted proteins highly expressed during host infection 

have been reported for different rust species, which represents significant potential towards 

understanding rust effector function . Recent high-throughput in planta expression screen 

approaches (effectoromics) have pushed the field ahead even further towards predicting high­

priority effectors and identifying avirulence genes. These new insights into rust effector biology 
promise to inform future research and spur the development of effective and sustainable 

strategies for managing rust diseases. 

Obligate biotrophy is widespread across plant pathogens. Plant 
pathogenic fungal biotrophs extend to powdery mildews, smuts 
and rusts and share common fearures with biotrophic 
oomycetes (Kemen & Jones, 201 2). As obligate biotrophs, 
rust fungi can only feed, grow and reproduce on their living 
host(s) and they differentiate specifie infection structures called 

haustoria that are necessary to establish intimate interactions 
inside infected host tissues (Voegele & Mendgen, 20 Il ; 
Kemen etaI. , 201 5; Dracatos etaI. , 2018). Rust fungi are 
presumed to have coevolved with their host plants, with which 
they exhibit a high specificiry of interaction (Aime et al. , 
201 7). Absolute dependence on the host essentially means chat 
rust fungi cannot be cultured on arrificial media, which 
significantly complicates their manipulation under laboratory 
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conditions. To date, the complete life cycle of rust fungi has 
never been achieved outside their narural hosts and habitats. 

Understanding the basis of obligate biotrophy and how 
evolution has shaped this particular trop hic mode remains 
unresolved. Recent advances in genomics have provided sorne 
important cues about missing functions or over- and under­
represented gene categories that may support biotrophic features 
(Spanu, 2012). However, comparison of general genomic fearures 
such as genome size, repeat content or the number of predicted 
genes has failed to reveal a single evolutionary trajectory towards 
this trophic mode, instead supporting convergent evolution 
(Kemen etai., 2015). A common fearure is the presence of a large 
secretome with thousands of predicted genes encoding secreted 
proteins in rust fungi (Lo Presti etai., 2015; Aime etai., 2017). 
Considering the current models in molecular phytopathology 
Oones & Dangl, 2006; Wu etaI., 2018), these secreted proteins 
probably contain effectors that play a key role in establishing a 
successful infection. The identification of thousands of putative 
rust fungal effector candidates has pushed the field forwards 
towards understanding their possible role in manipulating host 
immunity and physiology (Figueroa etaI., 2016). 

We present here an overview of recent advances that have 
facilitated dissection of the molecular mechanisms underlying 
pathogenesis of rust fungi as biotrophic plant pathogens. We first 
report on the peculiar life cycle of rust fungi and the current 
knowledge of the biology of infection. We then illustrate how the 
advent of functional genomics has played a pivotaI role in 
advancing our knowledge of processes at play during plant 
infection by rust fungi. lndeed, in the past 5 years alone, functional 
srudies of rust fungi have accelerated through the systematic 
application of high-throughput effector screens for predicting 
high-priority effector candidates and identifying avirulence genes. 
Our overarching goal here is to provide an overview of recent 
advances and current progress, which ultimately may help to 
identify upcoming challenges in rust pathogen research. 

II. Rust fungi: a diverse and serious threat to 
agriculture 

The Pucciniales (rust fungi) represent one of the largest fun gal 
orders, with > 8000 species already described (Aime etaI., 2014). 
These intriguing parasites have the ability to infect a wide variety of 
host plants, From fems to monocots and gymnosperms to 
angiosperms, which suggests an ancestral adaptation to the 
biotrophic lifestyle (Aime etaI., 2014) . Worldwide, rust fungi are 
considered among the most serious threats to both agricultural 
crops (e.g. wheat (Triticum aestivum), soybean (Glycine max) or 
coffee), and tree species used for wood production and bioenergy 
(e.g. poplar, eucalypt or pines) (Fig. 1; Dean etai., 2012; Fischer 
et ai., 2012; Sniezko et ai., 2012). To fend off rustdiseases, the plant 
breeding industty primarily prioritized developing disease-resistant 
plants. Over the years, rust fungi have adapted to completely 
overcome plant resistances (Ellis etai., 2014) . Among wheat rust 
fungi, the stem rust fungus Puccinia graminis f. sp. tritici has 
devastated wheat crops throughout the history of agriculture, and it 
is only in the past decades that it has been successfully contained in 
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most production areas around the world (Ellis et al. , 2014; 
Figueroa et ai., 2017). In 1998, the emergence in Uganda of the 
isolate Ug99 of the wheat stem rust fungus, virulent against major 
wheat resistance genes, has put wheat cultivation at risk (Singh 
etaI., 2011, 2015). 

The recent literature provides examples ofloss estimates directly 
attributed to rust fungi. Overall, annual global losses in wheat 
production associated with rust fungi are estimated at us $4- 5 
billion (Figueroa et al., 2017). The wheat yellow rust disease caused 
by Puccinia striiformis f. sp. tritici has led to a decrease in world 
wheat production with an estimate market value of US$979 
million annually (Chen etai., 2014; Beddow etai., 2015) . The 
wheat leaf rust Puccinia triticina is the most common and widely 
distributed wheat rust fungus and can lead to significant damage 
(Bolton etai., 2008). Since the 1990s, the Asian soybean rust 
fungus Phakopsora pachyrhizi has spread through outbreaks in 
South America, and combined costs of high yield loss and 
intensified use of fungicides were estimated at US $2 billion an­
nually (Goellner et ai., 2010), with losses in Brazil reaching just 
over US$2 billion annually berween 2003 and 2014 (Godoy etaI., 
2016). Another remarkable rust pathogen with a high impact on 
agriculture is the coffee leaf rust causal agent Hemileia vastatrix. 
This fungus has caused important coffee yield losses across Africa, 
Asia and South America with an estimated market value ofUS$2-3 
billion annually (Talhinhas et al., 2017). Rust fungi are subjected to 
rigorous surveillance and monitoring against their potentially 
devastating effects on global crop production (Singh etai., 2011; 
Bueno-Sancho et ai., 2017). 

III. The different facets of rust life cycles and 
unresolved questions about their evolution 

Rust fungi are host-specific pathogens with extremely complex life 
cycles. A single species can require rwo unrelated host plants to 
complete its life cycle; other rusts have less complex life cycles, 
missing one or more of the spore-producing stages (Aime et ai., 
2017). Many rust fungi display life cycles that involve five different 
spore types or stages: pycniospores, aeciospores, urediniospores, 
teliospores and basidiospores (Fig. 2). Sorne rust fungi can be bath 
macrocyclic and autoecious in that they produce the five spore 
stages on a unique host (e.g. the flax rust fungus Melampsora lini; 
Lawrence et al., 2007). Macrocyclic rusts are those with five spore 
stages that are produced sequentially. Microcylic refers to rusts with 
the shortest life cycles composed of only rwo spore types: 
basidiospores and teliospores, or pycniospores and teliospores 
(Fig. 2). Demicyclic rust fungi lack the urediniospore stage and can 
be either autoecious or heteroecious (Fig. 2). Hemicyclic rust fungi 
exhibit only teliospores and urediniospores and are autoecious 
(Aime et ai., 2017; Fig. 2). For sorne rust fungi, the complete life 
cycles have never been observed, as is the case for the altemate hosts 
for rwo economically important species such as the soybean rust 
fungus P. pachyrhizi and the coffee rust H. vastatrix (Slaminko 
et al., 2008; Talhinhas et ai., 2017). 

In a typical macrocyclic-heteroecious life cycle, meiosis takes 
place in short-lived basidia produced by germinating teliospores. 
Haploid basidiospores infect the aecial host within which they 
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differentiare various fungal strucrures, such as protaaecia and 
pycnia. Haploid pycniospores and receptive hyphae are produced 
within pycnial nectar drop lets. Fertilization can occur berween 
spores and receptive hyphae of compatible mating types with 
pycniospores formed inside and exuded in drop lets. Following 
plasmogamy, dikaryotic aecia differentiare inside the host and 
aeciospores are released and dispersed by the wind. Aeciospores 
infect the reliai host in which uredinia and urediniospores are 
produced, which is followed by repeared cycles ofvegetative growth 
on the reliai host for an exrended period of several weeks or months, 
typically during the summer (e.g. Fig. 1). In early aurumn, uredinia 
differentiare into telia, which go through an overwinrering period 
during which karyogamy will occur, giving rise ta diploid dormant 
teliospores (examples of typical heteroecious cycles can be found in 
Hacquard etai. (2011) and Aime etai. (2014)). 

The evolutionary processes behind the highly complex life 
cycles and diversification of rust fungi have been the subject of 
intense interest, particularly the notion of coevolurion with their 
host plants. As obligate parasites, rust fungi were thought ta have 
coevolved exrensively with their hosts, suggesting that ancestral 
rust fungi may have infecred ferns, then gymnosperms and then 
angiosperms, mirroring the diversification of available plant 
hosts. However, phylogenetic srudies have shown that Fern rust 
fungi were not ancestars and that sorne rust fungi infecting 
angiosperms derived From an ancestral family (Aime etai., 2006, 
2017). 50 far, the basal rust fungus Caeoma torreyae is found on 
gymnosperm, suggesting that rust fungi are more recent than 
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Fig. 1 Rust disease symptoms in wheat and 
poplar. Illustration of disease symptoms for 
two ru st fungi on their respective aecial host 
plants: (a- c) Puccinia triticina on wheat; 

(d- f) Melampsora larici-populina on poplar. 
(a) Orange uredinia pustules formed by 
P. triticina on the wheat leaf surface; (b) close­
up of wheat leaf ru st uredinia showing the 

release of newly formed urediniospores on the 
leaf surface; (c) typical symptoms observed on 
infected wheat leaves in the field in wheat leaf 
rust epidemics; (d) uredinia pustules formed by 

M. larici-populina on the lower epidermis of a 
poplar leaf; (e) transverse section of a poplar 
leaf showing an uredinia full of urediniospores 
(note the orange calour of the leaf mesophyll 
invaded by infection hyphae right below the 
uredinia); (f) typical defoliated poplar trees 

observed in plantation after a strong epidemic 
at the end of summer. Photos courtesy of: 
(a) H. Goyeau and B. Parriaud, INRA France; 
(b) F. Suffert, INRA, France; (c) B. McCallum, 

Agriculture and AgriFood Canada; 
(d, e) B. Petre, INRA France; (f) C. Lorrain and 

S. Duplessis. 

first thought (Aime et ai., 2006). Recent data based on 
phylogenetic comparisons berween rust fungi and their host 
plants support a diversification through host jumps during 
coevolurion with their hosts (McTaggart etai., 2016; Aime etai. , 
2017), and support the relative importance of the aecial host on 
the evolution of Pucciniales (Aime etai., 2018). Hereroecious 
rust fungi alrernate berween unrelared host plants such as 
gymnosperms and angiosperms or monocots and eudicots; 
however, these hosts must share common ecosysrems. This 
indicares that a!rernare hosts of rust fungi with unresolved life 
cycles may be found in the same ecosystem as the current known 
host, or that the a!rernare host has become extinct or replaced 
altagether in response ta changing environmental conditions. 

IV. The biology of rust infection 

Advances in microscopy over the last century have led ta precise 
descriptions of both the host infection process and the various 
stages of rust life cycles in a few rust funga! species (Litrlefield & 
Heath, 1979; Harder, 1984). The concept of gene for gene 
hypothesis developed by Harold H. Fior pioneered identification of 
resistance genes in plants and enhanced our understanding of the 
plant immune sysrem (Fior, 1971; Wu etai., 2018). Ir is only in the 
last rwo decades or so that the first resistance and avirulence genes 
have been c10ned in rust pathosysrems (Ellis et al. , 2007) . By the 
end of the 20,h century, molecular srudies of biorrophic fungi 
ushered in a new era of understanding of the mechanisms 
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Fig.2 Life cycles of ru st fungi. (a) Macrocyclic 
life cycle: macrocyclic rust fungi produce five 
spore stages and they are autoecious or 
heteroecious (i.e. life cycle realized on one or 
two host plants, respectively); haploid 
basidiospores (n) infect the aecial host; pycnia 
contain pycniospores (n) of different mating 
types; after fertilization and plasmogamy, 
dikaryotic aecia release aeciospores (n + n) 
that infect the telial host; dikaryotic 
urediniospores (n + n) are then produced 
repeatedly through vegetative cycle during 
the summer season; teliospores (n + n) are 
formed in telia during autumn; karyogamy 
occurs in teliaand meiosis initiates; basidia (2n) 
differentiate and produce basidiospores (n) 
after winter. (b) Derived rust life cycles: 
demicyclic ru st fungi can be heteroecious or 
autoecious and do not form uredinia; 
hemicyclic rust fungi are autoecious with the 
absence of pycnial and aecial stages; the 
microcyclic life cycle is reduced to telia and 
basidia or pycnia, according to species. 

(b) Demicyclic Hemicyclic 
(autoecious) 

Microcyclic 
(autoecious) (heteroecious/autoecious) 

underlying the infection process. The following section provides an 
overview of these early key molecular investigations. 

1. Early stages of infection: host penetration and haustorium 
formation 

In heteroecious rust fungi, basidiospores infect the aecial host, and 
aeciospores and urediniospores infect the teliai host by means of 
different penetration modali ties. Monokaryotic basidiospores 
germinate and directly penetrate epidermal cells following appres­
sorium differentiation (Hahn, 2000). To date, relatively little is 
known about the infection process in the aecial hosto Dikaryotic 
aeciospores and urediniospores enter the host leaf through 
openings in the stomata, mer appressorium differentiation 
(Voegele etai., 2009). Several transcriptomic analyses of appres­
soria formation of urediniospores led to identification of the genes 
responsible for metabolism and regulation of the cell division cycle, 
indicating that this structure plays an active role in the penetration 
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process (Hu etaI., 2007; Stone etaI., 2012; Talhinhas etaI., 2014). 
Urediniospores From the soybean rust fun gus directly penetrate 
their host through the epidermis, in a similar manner to 
basidiospores of heteroecious fungi, and form an appressorium 
with a high cell turgor pressure of5.13 MPa (Loehrer et al., 2014a), 
which correlates with what has been observed in other fungal plant 
pathogens (Ryder & Talbot, 2015). However, P. pachyrhizi 
basidiospores are hyaline and devoid of melanine, indicating a 
different penetration modaliry. To date, almost all physiologicai 
studies of host infection by rust fungi have focused on uredin­
iospores (Voegele et al., 2009). 

The haustorium represents a distinctive feature of obligate 
biotrophs. Afrer getting inside the host tissue, the penetration 
hypha forms a subsromatal vesicle From which an infection hypha 
differentiates; then a haustorium mother cell stans forming a 
penetration peg that secretes cell wall-degrading enzymes to 
penetrate the host cell wall in order to differentiate a haustorium 
within the host cell caviry (Hahn, 2000; Garnica etaI., 2014). 

New Phytologist(2019) 222: 1190-1206 
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Fig. 3 Schematic representation oftelial host infection by rust urediniospores. (a) The different steps of rustinfection on the telial hostfrom spore germination to 
sporulation. (b) Expression profiles of selected gene categories during the infection process (accordingto time-course transcriptomics in Duplessis et al., 2011 b; 
Dobon et al., 2016). These profiles have been simplified according to the global average expression. Orange curves represent coordinated waves of expression 
for secreted protein genes; red curve represents the main expression profile for CAZymes, proteases and lipases (CPL) encoding genes; purple curve represents 
expression for transporter encoding genes. (c) Schematic representation of the interaction between ru st infection hyphae and haustoria and plant host cells. 
Urediniospores germinate on the leafsurface and penetrate plant tissue through stomata. Infection hyphae grow between host ce Ils and a haustorium is formed 
inside the host cell cavity. After several days of biotrophic growth, new urediniospores are produced and released on the leaf surface. Immunolocalization of 
candidate effectors is presented. Melampsora lini AvrM islocalized at the periphery of fungal hyphae, in the haustorium, in the extrahaustorial matrix (EHM) 
and in flax cell cytosol. Rust-transferred proteins (RTP1 p) from Uromyces fabae and Uromyces stria tus are localized in the haustorium, in the EHM and in the 
nucleus and the cytosol in the later stages of colonization. SSP1, SSP2, SSP3 and SSP4 correspond to Melampsora larici-populina smallsecreted proteins (SSPs) 
Mlp123523, Mlp123227, Mlp123932 and Mlp37347, respectively. Melampsora larici-populina SSPs are localized at the periphery of the haustorium (SSP4, 
SSP3) and of infection hyphae colonizing plant mesophyll (SSP1), and at both the periphery of haustoria and sporogenous hyphae (SSP2). Close-up of 
haustoria- host cell interface shows enzymes and transporters of ru st fungi characterized in U. fabae. PMA 1 is a H+ -ATPase that is active as the first haustoria 
formed and it localizes at the haustorial membrane. PMA 1 sets up an electrochemical gradient necessary for nutrient uptake. ARD1 is a NADP+ -dependent 0-

arabitol dehydrogenase localized in the lumen of haustoria. HXT1 represents the proton-motive force-driven hexose (a-glucose and a-fructose) transporter 
characterized in the haustorial membrane of the bean rust fungus. MAD1 is a mannitol dehydrogenase localized in haustoria, in sporogenous hyphae and in 
spores. AATs represent the three amine acid transporters (AAT1, AAT2, AAT3) of U. fabae. They aillocalize at the haustorial membrane. 

The haustorium is an invagination within the host cell 
plasmalemma, which remains intact. In contrast to other obligate 
biotrophs, rust fungal haustoria are marked by the presence of a 
dense neckband that separates the extrahaustorial matrix sur­
rounding the haustorial structure from the apoplasm (Garnica 
et al., 2014). The formation of this specialized infection structure 
induces structural changes inside the infected host cell (Voegele 
& Mendgen, 2003). Ir is also an intense site of expression of 
secreted proteins. 

2. Nutrient uptake from the host 

Rust fungi are completely dependent on the nutrients provided by 
living plant hosts to reproduce and complete their li fe cycles 
(Staples, 2000). Known nutrient uptake components of rust 
haustoria remain limited to a few sugar and amino acid transporters 
(Voegele & Mendgen, 2011; Struck, 2015). Rust fungi are 
deficient in several essential pathways (e.g. nitrate and sulphur 
assimilation), which largely explains their dependence on nutrient 
uptake from their hosts (Duplessis et al., 20 Il a; Kemen et al., 
2015). The first discovered amino acid permeases were AAT1p, 
AA T2p and AA T3p from Uromyces fobae, which showed a specific 
or a preferential expression in haustoria (Fig. 3; Hahn & Mendgen, 
1997; Hahn etaI., 1997; Struck, 2015). Homologues of AAT genes 
upregulated in haustoria were later identified in other rust fungi 
(Hacquard etaI., 2010; Garnica etaI., 2013). The oligopeptide 
transporter (Opn genes are more numerous in rust fungi than in 
other basidiomycetes and have been shown to be highly expressed 
during host infection and in haustoria of rust fungi (Duplessis et al., 
2011a; Garnica etaI., 2013). Recently, OPT genes were associated 
with virulence in the sm ut fu ngus Ustilago maydis, suggesting that 
extracellular peptides represent an important source of nutrients for 
the fungus (Lanver etal., 2018). 50 far, no functional character­
ization of OPT has been conducted in rust fungi. Host oligopep­
tides could also represent an important source of nitrogen and 
sulphur for rust fungi. 

Uromyces fobae H + -ATPase PMAlp was identified from isolated 
haustoria and functionally characterized in yeast. PMA1 p activity 
establishes the electrochemical proton gradient that provides 
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energy for transport processes and nutrient uptake (Fig. 3; Struck 
et al. , 1996, 1998). The important role of proton gradient in the 
absorption of sugar was later shown for the U fobae hexose 
transporter HXT1 p localized at the haustorium membrane and its 
role as a proton-motive D-glucose and D-fructose transporter was 
demonstrated in yeast (F ig. 3; Voegele etaI., 2001) . Plants present 
low concentrations of monomeric hexoses in leaves and sucrose is 
the main sugar in this organ (Lohaus etaI., 2001; Weber & Roitsch, 
2000) . The U fobae invertase INVI p exp ressed during infection 
and localized in the extrahaustorial matrix was reported to be 
necessary for the breakdown of sucrose in D-glucose and D-fructose, 
the substrates for HXTlp (Fig. 3; Voegele etaI., 2006). Recently, 
the invertase PsINV was investigated in the wheat rust P. striiformis 
sp. tritici, and showed a high efficiency for sucrose hydrolysis as well 
as an increased expression during wheat infection (Chang et al., 
2017). Other genes related to metabolism, such as the glucokinase 
GLK1p, the mannitol dehydrogenase 1 (MAD1p) and the 
NADH+ dependent D-arabitol dehydrogenase, ARD 1 p, from 
U fobae have provided valuable information about carbon storage 
and utilisation in this rust fungus (Fig. 3; Link et al., 2005; Voegele 
etal.,2005; see Voegele & Mendgen, 2011 for details). Homo­
logues of these different genes were also found in other rust fungi , 
and they showed high levels of expression during infection of their 
respective hosts, supporting the mechanisms of glucose uptake in 
rust fungi (Hacquard et al., 2010; Duplessis et al., 20 Il a,b; 
Garnica etaI., 2013; Zheng etaI. , 2013). No sucrose transporter 
has been identified in rust fungi (Duplessis et al., 2011a) , indicating 
that hexose transport may be essential in haustoria. No recent 
functional analyses of uptake mechanisms have been conducted in 
rust fungi, except for P. striiformis f. sp. tritici. 

3. Infection control centre: the haustorium as a multifaceted 
structure 

The haustorium is not only a specialized machine for nutrient 
diversion, it is also a site of intense expression of secreted proteins, 
including effectors (Duplessis et al., 2012; Garnica et al., 2014) . In 
rust fungi, secreted effector proteins have been shown to reside 
inside host cell cytoplasm; however, the way in which effectors 
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translocare From the haustorium to the host cell remains unknown 
(Petre & Kamoun, 2014). Only a handful of effectors have been 
described in rust fungi (Petre et al., 2014). The products of several 
avirulence genes of the Rax rust fungus M. lini are recognized by 
resistance proreins inside plant ceUs where they are expecred to play 
roles as effectors (Duplessis etaI., 2012). Rust-transferred proreins 

RTP 1 P From Uromyces spp. were the first fungal proreins identified 
as being capable of translocating into their host ceUs (Kemen et al., 
2005). The proteins were localized inside host ceUs and then in the 
host nucleus, suggesting a specific trafflc towards its final 
localization (Fig. 3) . The M. fini effector AvrM has also been 
detected inside Aax ceUs by immunogold transmission electron 
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microscopy (Fig. 3; Rafiqi etai., 2010). In both examples, 
trafficking from the fungal haustoria to the host cell was temporally 
regulated. RTP1 is parr of a multigene family conserved across 
Pucciniales, including basal species like H. vastatrix (Fernandez 
et al., 2012; Pretsch et al., 2013; Link T. etai., 2014; Link T.I. etai., 
2014). Detailed analyses of RTPl indicated a dual function as a 
protease inhibitor in vitro and a filament-forming protein in the 
extrahaustorial matrix that could act as a stabilizing factor for the 
fungal structure (Kemen et al., 2013; Pretsch etai., 2013). 
Immunolocalization of rwo RTP homologues in the poplar rust 
Melampsora larici-populina revealed a dual localization at the 
periphery of haustoria and infection hyphae (Fig. 3; Hacquard 
et al., 2012). Two other poplar rust-secreted proteins were detected 
in planta by immunolocalization: a homologue of the Aax rust 
avirulence effector AvrL567, which was found at the periphery of 
poplar rust haustoria but not beyond in the host cells; and SSP 15, 
which is localized at the periphery of both haustoria and spore­
forming cells in uredinia (Fig. 3; Hacquard etal., 2012). Although 
all reported observations pertaining to rust proteins show evidence 
ofcomplex and diverse patterns oflocalization within infecred host 
tissues, their function during the infection process remains unclear 
(Petre et al., 2014). 

v. Rusts in the genomics era: the ever-expanding list 
of candidate effector genes 

In the last 10 years, as many as 20 genomes of Il different 
rust fungi have been reported (Supporting Information 
Table SI; see Aime et al., 2017 for details). Beyond the basic 
groundwork these studies provided about predicted genes and the 
genome architecture and organisation; advances in genome-wide 
comparative analyses, transcriptome and population studies and 
prediction of secreted proteins to identifY rust effector proteins 
have considerably extended our understanding of rust fungal 
biology (Table SI). 

1. Sequencing ru st fungal genomes 

Rust fungi have large genomes in the range 60 to > 300 Mb (Aime 
et al., 2017) but Aow cytometry estimates the largest rust genome at 
> 2 Gb (Tavares etai., 2014; Ramos etai., 2015). Rust genomes are 
sequenced from dikaryotic spores and they present a remarkable 
degree of heterozygosity (Persoons etai., 2014; Upadhyaya etai., 
2014; Cuomo et al., 2017). High proportions of repeat elements in the 
rust genome, ranging from 18% to 75%, have made rust genome 
assembly extremely difficult. This is particularly true for rust genomes 
sequenced only by using short-read technologies (see Aime et al., 2017 
fordetails). Rust fungi possess large numbers ofgenes (15000--20000 
per genome) and about half of them lack functional annotation. Many 
genes have been repotted as specific to Pucciniales, which may also be 
reAective ofinnnovations in their biology (Aime et al., 2017). The lack 
of complete and high-quality rust genome assemblies and standard­
ized practices in the community have somehow restricted the scope of 
comparative studies. Next-generation long-read sequencing technolo­
gies combined with improved assembly tools both support improved 
assembly of large rust genomes. Long-read sequencing approaches 
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recently used for genomes of P. striiformis ( sp. tritici 104E and rwo 
isolates of the oat crown rust Puccinia coronata ( sp. avenae provided 
higher-quality de nova assemblies (Miller et al., 2017; Schwessinger 
et al., 2017) and supported phasing of haplotypes for a significant 
portion of these dikaryotic genomes (50--92%). The genome size of 
these rwo rust species were smaller on average than the range of 
estimated rust genome sizes (83- 105 Mb), and it has not yet been 
determined if genomes in the range of 1 Gb or more with > 70% 
repetitive content will affect assembly performance. Generating 
complete and phased genome assembly has proved to be important 
not only for highlighting intrinsic differences berween rwo rust nuclei, 
but also for elucidating the architecture of rust genomes and, 
ultimately, insights into the impact of transposition on rust virulence 
and evolution. 

2. Prediction of candidate effectors in rust secretomes 

Soon after the conceptualization of plant pathogen effectors and 
their importance in the infection process, it was established that 
secreted proteins of unknown function can represent candidate 
effectors (Win etai., 2012). Therefore, secretome prediction has 
been systematically app lied to rust genomes with the promising 
possibility of identifYing effectors. Sorne features, such as a smaller 
size, a higher cysteine content or taxonomical specificity, have been 
used to identifiy candidate effectors (Lorrain etai., 2015; Sper­
schneider et al., 2017a) . Based on these criteria, long lists of rust 
candidate effectors have been identified (Table SI; Pendleton et al., 
2014; Duplessis etai., 2011a,b; Nemri etal., 2014; Saunders etal., 
2012; Cantu et al., 2013). The number of secreted protein­
encoding genes can vary depending on the precise criteria used to 
Aag them as candidates, but they generally range berween 1000 and 
2000 per genome (c. 10% of the coding space). Both -orphan and 
gene families are found among Pucciniales-specific candidate 
effectors. Expanded gene fam ilies of unknown function are a 
common feature of rust fungal genomes, among which are several 
secreted protein families (Aime et al., 2017). A recent approach has 
been to use machine-Iearning prediction tools to identifY candidate 
effectors within fungal secretomes, improve prediction of their 
localization in planta and differentiate berween apoplastic and 
cytoplasmic effectors (see details in Table S2; Sperschneider etai., 
2015, 2016, 2017b,c, 2018). These tools are particularly valuable 
as theyare not based on aprioricriteria and can be used to revisitsets 
of candidate effectors predicted in rust genomes (Table S2). The 
report of more bona jide effectors should improve future machine 
learning-based prediction, provided that rust effecrors do have 
conserved features to truly support their prediction. 

3. Transcriptomics of ru st infection: pointing the needle in 
the haystack 

Specific gene expression in planta is a critical feature in defining 
pathogenic effectors. Thus, transcriptomics has been the approach 
of choice for reducing large sets of rust candidate effectors to smaller 
numbers of priority targets for functional study (Table SI; 
Duplessis et al., 2012, 2014). The first pioneer transcriptomic 
studies used cDNA libraries to identifY haustorially expressed 
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secreted proteins from isolated hausraria of U fobae and M. lini 
(Hahn & Mendgen, 1997; Caranzariri et al., 2006). RNA­
sequencing (RNAseq) has been insrrumental in providing valuable 
insighrs abolit rusr fungi wirhour reference genomes, for example 
H. vastatrix, Gymnosporangium spp., P. pachyrhizi, Uromyces 
appendiculatus (Table SI; Loehrer et al., 2014b; Link T.I. et al., 
20 14; Crisrancho etaI., 2014; Tao etai., 2017). Transcripramic 
analyses of hosr infecrion and isolated hausraria have helped ra 
prioririze candidare effecrars in different rusr species (Duplessis 
et al., 2014; Aime et al., 201 7). Many genes expressed in the late 
srages of colonizarion encode carbohydrate acrive enzymes, 
proteases, lipases and rransporters (Fig. 3; Duplessis et al. , 20 Il b; 
Hacquard etaI., 20 11 , 2012) . These findings are consisrent wirh 
nutrient uprake by sugar and amino acid rransporters once 
hausraria are esrablished in the plant rissue (Voegele & Mendgen, 
2011; Srruck, 2015). Different sers of candidare effecrars are 
expressed sequentially in coordinated waves of expression from 
early ra late srages of infecrion (i .e. from spore germinarion ra 
sporularion; Fig. 3; Dobon et al., 2016; Duplessis et al., 20 Il b; 
Hacquard etai., 2011, 2012, 2013; Bruce etaI., 2014; Cantu etaI., 
2013; Fernandez etaI., 2012; Huang etai., 201 1; Tremblay etai., 
2013; Rutter etai., 2017). Small secreted proteins are among rhe 
mosr highly expressed genes in fungal infecrion strucrures ar rhe 
sporularion srage (H acquard etai., 2010). Such coordinated 
exp ression patterns indicate rhar rusr fungi may release and deliver 
early and lare effecrars wirh different roles in esrablishing and 
maintaining biorrophy. Alrhough srudying rhe infecrion process in 
rhe primary hosr of rusr fungi has proved highly informarive, gene 
expression ar orher srages of rhe rusr life cycle has largely been 
overlooked. Very lirrle informarion is avai lable abolit infecrion 
mechanisms of alternate hosrs and sexual srages. To date, only a 
handful of srudies have considered gene expression on the alrernare 
hosr and rhey have revealed concomirant expression of sers of 
candidate effecrars in borh hosrs as weil as in each hosr individually 
(Xu etal.,201 1; Liu etai., 20 15; Cuomo etaI., 2017; Lorrain etai., 
20 18a). This rype of approach is parricularly helpful for narrowing 
down the lisr of effecrars relared ra the main hosr where disease 
causes rhe mosr significant damage. 

4. Population genomics for unveiling effector and avirulence 
genes 

Analysing popularion genomics and srudying evolurionary pro­
cesses have proved valuable in identifying avirulence genes among 
candidate effecrars (Mo 11er & Srukenbrock, 2017) . The pressure 
exerred by components of rhe hosr plant immune system can be 
detected by traces of posirive selecrion in effecrar genes under 
surveillance. Signarures of rapid evolurion and polymorphism have 
been extensively srudied in filamentous parhogens, including rusr 
fungi (Raffaele & Kamoun, 2012; Srukenbrock, 2013; Persoons 
etaI. , 2014; Upadhyaya etai., 2014). Three M. fini avirulence 
genes (AvrL567, AvrP4 and Avr123) were found under posirive 
selecrion ar the intraspecific and/or interspecific levels (Dodds et al. , 
2004; Barrett et al., 2009). A genome-wide search for single 
nucleoride polymorphisms or inserrion/delerion in rusr fungal 
isolates has enabled rhe detecrion of avirulence candidates among 
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secreted protein genes (Cantu etaI., 2013; Bruce etai. , 2014; 
Persoons et al., 2014; U padhyaya et al., 2014; Bueno-Sancho et al., 
201 7; Cuomo et al., 2017; Wu et al., 2017). Sequencing large 
volumes ofisolates is now possible for relarively low cosr, and high­
densiry generic maps can be consrrucred rhrough the resequencing 
of progenies or by resrricrion site detecrion sequencing (RAD-seq) 
in rusr fungi (Pernaci et al., 2014; Anderson et al., 2016; Yuan et al., 
2018) . T wo recent srudies demonsrrated rhe degree ra which 
genomics has impacted rhe field by combining genomics and 
resequencing approaches ro identify AvrSr35 and AvrSr50, [wo 
P. graminis f. sp. tritici avirulence effecrar genes (see derails in 
Secrion VI; Chen et al., 201 7; Salcedo et al., 2017). Ir is very likely 
rhar popularion genomics and genome-wide associarion srudies 
will unveil even more key parhogeniciry determinants over rhe nexr 
few years. 

VI. Functional characterization of rust effectors 

Lisrs of candidate effecrars have now been esrablished for mosr rusr 
fungi thar are major threars ra agriculrure: sorne may play a crirical 
role in esrablishing a successful infection, sorne can be rargets ofhosr 
resisrance proteins (avirulence proteins) and sorne may reveal hosr 
suscepribiliry by identifying their rargets inside the hosr cell. 
Invesrigaring candidate effecrars can foster selecrion of more durable 
resisrance ra rusr diseases. Thar said, rhe number of effecrars ra be 
scrurinized is srrikingly large and rusr fungi as obligate biorrophs are 
parricularly difficulr ra manipulate. To respond ra rhese [wo 
challenging aspects, high- ra medium-throughpur pipelines have 
been developed for more effective funcrional characterizarion of 
candidate rusr effecrars and ra help formulate hypotheses abolit their 
funcrions in plant cells. Effecraromic screens essentially allow us ra 
identify cellular and molecular rargers of given candidates and ra 
draw hyporheses regarding rheir role in pathogenesis. Heterologous 
plant systems are favoured for invesrigaring nonmodel candidate 
effecrar funcrions (Perre etaI., 2014; Lorrain etai., 2018b). Fig. 4 
shows current approaches used ra identify and unravel funcrions of 
candidate effecrars in rhe plant cell. In the following secrion, we 
describe rhe different suategies and approaches applied over rhe pasr 
5 years ra invesrigaring effecrars in rusr fungi. We choose ra report 
these srudies by rusr species according ra the importance of rhe 
communiry-driven efforts and ra disringuish screening approaches 
and work on specific genes. Table 1 summarizes rhe number of 
candidates assayed in each rusr species. 

1. Effectoromics of the yellow rust fungus P. striiformis 

The rusr species P. striiformis f. sp. tritici has amacted rhe greatesr 
artention from rhe scientific communiry. Both medium­
rhroughpur screening and dedicared invesrigarions have been used 
ra funcrionally characterize candidate effecrars and pathogenesis­
related funcrions . Multiple efforrs from different research groups 
have used different pipelines and approaches. The hosr-induced 
gene si lencing (HIGS) approach developed ra si lence Pucciniaspp. 
genes using rhe Barley stripe mosaic virus (BSMV) on whear (Yin 
et al., 2011) has been insrrumental in assessing rusr genes in whear­
rusr interactions (Tang et al., 201 7). 
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Two medium-throughput screens have focused on P. striiformis 
f. sp. tritici candidate effectors. Ramachandran et al. (2017) 
scrutinized 20 Pucciniacae candidates, including nine from 
P. striiformis f. sp. tritici. Seven were able to suppress a hypersen­
sitive response (HR) triggered in Nicotiana benthamiana, and plant 
cell death suppression was connrmed in wheat for one candidate 
through delivery by Pseudomonas jluorescens (Ramachandran et al. , 
2017). In another study, 16 mature candidate effectors were 
transienrly expressed in fusion with green fluorescent protein 
(GFP) in N benthamiana to determine their subcellular localiza­
tion and to identify their putative interactors by coimmunopre­
cipitation (coIP) and mass spectrometry (MS) (Petre et al., 20 16a). 
Nine were informative in terms of localization or specinc 
interactions with plant proteins. One candidate showed accumu­
lation in processing bodies and interaction with an enhancer of 
mRNA decapping protein. The interaction berween the wheat 
enhancer of mRNA decapping protein 4 (T aEDC4) and the yellow 
rust effector was connrmed by coIP in N benthamiana (Petre et al. , 
2016a). Taken together, these rwo screens led to the identincation 
of 16 candidates of interest with virulence-related activities, a 
specinc subcellular localization and/or a putative plant protein 
interactor (Table 1). A small-throughput screen for immuniry 
suppression was set for six other candidate effectors, identifying 
PEC6 as a candidate with virulence properties (Liu C. et al., 2016). 
PEC6 suppressed plant immune responses in N benthamiana, 
enhanced bacterial growth in Arabidopsis and showed interaction 
with an adenosine kinase by yeast rwo-hybrid and bimolecular 
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fluorescence complementation (Liu C. et al., 2016; Liu]. et al., 
2016). Fungal infection was also reduced in wheatwhen PEC6 was 
silenced by HIGS (Liu C. et al., 2016; Liu J. et al., 2016). 

Several srudies investigated yellow rust candidate effectors and 
signalling proteins through separate efforts. PstSCR1, a small 
cysteine-rich candidate effector, induces plant cell death when 
expressed with its signal peptide or when injected as a purined 
protein in N benthamiana, but its potential role in P. striiformis 
f. sp. tritici remains unknown (Dagvadorj etaI., 2017). A 
pipeline of diversined molecular approaches has been established 
to unravel the role of P. striiformis f. sp. tritici proteins during 
interaction with wheat and facilitated the srudy of more than 10 
yellow rust genes over the past 5 years (Tang et al., 2015a,b; 
Tang et al., 2017). Selected candidate genes are most often 
assayed by HIGS to validate their involvement in pathogeniciry 
through quantitative estimation of infection-related traits. 
Depending on the given candidate, different complementary 
approaches were applied, such as subcellular localization in 
heterologous systems or in wheat protoplasts (Cheng etaI., 2015 , 
2016a; Wang etaI., 2016; Zhu etaI., 2017a,b) , complementation 
assays on yeast or fungal pathogens (Guo etaI. , 2011; Liu etai., 
2014; Liu]. et al., 2016; Zhu etai., 201 7a), yeast invertase 
secretion assays (Cheng etaI. , 2016a; Liu J. etai., 2016; Wang 
etaI. , 2016) , plant cell death BAX-triggered suppression assays 
(Cheng etai., 2016a,b; Liu]. etaI., 2016) and overexpression in 
yeast coupled with the monitoring of stress responses (Cheng 
et aI., 2015 , 2016b; Tang etai., 2015a,b; Jiao etaI., 201 7; Zhu 
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Table 1 Effectoromic screens conducted in ru st fungi to identify candidate secreted effector proteins (CSEPs). 

References Approaches 

Hemileia vastatrix 

Screened 
CSEPs 

Highlighted 
CSEPs 

Maia et al. (2017) 
Melampsora larici-populina 
Petre et al. (2015, 2016a,b) 
Germain et al. (2017) 
Melampsora lini 

Plant cell death suppression in coffee leaves 30 

Localization and ColP/MSa of CSEPs in Nicotiana benthamiana 
Infection assays and localization of CSEPs in Arabidopsis 

20 
16 

8 
3 

Zhang et al. (2016) 
Phakopsora pachyrihzi 

Recombinant protein production and structural analysis 4 4 

Qi et al. (2018) Localization and plant cell death suppression in N. benthamiana, Arabidopsis 
and yeast, immune response in tomato and pepper 

82 17 

de Carvalho et al. (2017) 
Kunjeti et al. (2016) 

Localization and plant cell death suppression in N. benthamiana 6 
6 

6 
2 Plant cell death suppression in N. benthamiana 

Puccinia graminis f. sp. tritici 
Yin et al. (2015) 
Upadhyaya et al. (2014) 
Ramachandran et al. (2017) 
Chen et al. (2017) 

HIGSa to select proteins related to pathogenesis 
HIGS to select proteins related to pathogenesis 
Plant cell death suppression in N. benthamiana 
Coexpression with R gene in N. benthamiana 

76 
25 
11 
41 

10 

2 

Puccinia striiformis f. sp. tritici 
Petre et al. (2016b) 
Ramachandran etai. (2017) 
Liu C. et al. (2016) 

Localization and ColP/MS of CSEPs- fluorescent tag in N. benthamiana 
Plant cell death suppression in N. benthamiana 

16 
9 
6 

9 
7 

Plant cell death suppression in N. benthamiana and infection assays in 
Arabidopsis 

Uromyces appendiculatus 
Cooper & Campbell (2017) HIGS to select proteins related to pathogenesis 5 3 

aColP/MS, coimmonuprecipitation coupled with mass spectrometry; HIGS, host-induced gene silencing. 

etaI., 2017a,b). Among the proteins characterized through the 

aforementioned pipeline, six were identified as protein kinases or 

regulators of kinases in fungal transduction pathways (Guo et al., 
2011;Jiao etaI., 2018; Cheng etai., 2015, 2016b; Qi , Zhu etaI., 
2018) whereas others corresponded to a mitochondrial adenine 

nucleotide translocase antiporter (PsANT; Tang etaI., 2015a,b), 

a superoxide dismutase (Liu J. etai., 2016), an isocitrate lyase 

required for spore germination and one transcription factor. Two 

of the studied proteins were identified as candidate effectors 

(Cheng etaI., 2016a; Wang etaI., 2016). PSTha5a23 is a specific 

P. striiformis f. sp. tritici candidate highly expressed during 

interaction with wheat that localized in the cytoplasm of wheat 

protoplasts, supressed cell death in N benthamiana, and sup­

ported increased pustule number when overexpressed in wheat 

(Cheng etaI., 2016a). The candidate effector PNPi was found to 

interact in wheat with the homologue of the key defence 

regulator NPR1 where it competes with the transcription factor 

TGA2.2 which is known to activa te Pathogenesis-related gene 
expression (Wang etai., 2016). The functional pipeline applied 

to characterize molecular determinants of P. striiformis f. sp. 

tritici proved to be both use fui and efficient in delivering new 

insights into pathogenesis of the wheat yellow rust fungus . 

2. Effectoromics of the wheat stem rust fungus P. graminis f. 
sp. tritici 

A high-throughput effectoromic screen based on BSMV -mediated 

HIGS was applied to a large set ofPucciniaceae candidate effectors 

conserved in the three wheat rust fungi P. graminis f. sp. tritici, 
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P. striiformis f. sp. tritici and P. triticina (Yin et al., 2015). Among 

86 silenced genes, 10 were required for full infection by P. graminis 
f. sp. tritici, including secreted proteins, metabolic and transport­

related genes (Yin et al., 2015) . Reduced development of 

P. striiformis f. sp. tritici and P. triticina was also observed 

through transient silencing of four and three of those genes, 

respectively, indicating that screens performed at the level of 

taxonomical families can reveal crucial functions for infection 

shared between rust species (Yin et al., 2015). A tryptophan 

2-monooxygenase (Pgt-IaaM) gene involved in auxin synthesis is 

required for full virulence of P. graminis. f. sp. tritici and displayed 

pleiotropic auxin-related phenotypes when expressed ln 

Arabidopsis (Yin et al., 2014). This study demonstrates the 

modulation of the plant hormone balance by a rust fungus. In 

their assay, Ramachandran et al. (201 7) also screened plant cell 

death suppression properties of Il wheat stem rust candidate 

effecrors, and rwo were able to suppress HR in N benthamiana. 
Another effectoromic screen was established to deliver rust 

candidate effectors in wheat through a specific type III secretion 

system (Pseudomonas jluorescens effector to host analyser strain 

EtHAn) (Upadhyaya etaI., 2014). A total of25 P. graminis f. sp. 

tritici candidates were monitored for plant cell death induction 

and one was able to induce a genotype-specific HR, suggesting it 
might be an avirulence protein (Upadhyaya etai., 2014) . Four 

candidate effectors predicted to accumulate in nuclei or in 

chloroplasts of plant cells by LOCALI ZER (cf. Section V.2) were 

validated in N benthamiana (Sperschneider et al., 20 17b). 

The wheat stem rust avirulence genes AvrSr35 and AvrSr50were 
recently identified through genomic and functional approaches. In 
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one case, AvrSr35 was identified in rust fungal mutants obtained by 
induced mutagenesis of an avirulent fungal isolate. AvrSr35 
encodes a small secreted protein of 578 amino acids, and the 
interaction with the wheat resistance gene Sr35 was verified by 
transient coexpression in N benthamiana as well as by infiltration 
of the purified protein in wheat leaves (Salcedo et al., 2017). 
AvrSr35 and Sr35 colocalized with the endoplasmic reticulum and 
interacted in plant cells; however, whether the interaction is direct 
or indirect remains to be determined. In the second example, 
sequencing the genomes of an avirulent AvrSr50 isolate and a 
spontaneous virulent mutant derived from this isolate identified a 
2.5 Mb region showing loss-of-heterozygosity (Chen et al., 2017). 
A total of 41 genes encoding haustorially expressed secreted 
proteins present in this region were transiently coexpressed without 
their signal peptidewith thewheat resistance gene Sr50, and a single 
candidate triggered a HR (Chen et al., 2017). AvrSr50 showed a 
nucleocyrolocalization in N benthamiana and exhibited a cell 
death suppression activity, indicating that it could have a role in 
suppressing defence response (Chen et al., 2017). These back-to­
back papers demonstrate the great promises of combining 
functional assays with (population) genomics and transcriptomics 
to identifY new rust avirulence genes. 

3. Effectoromics of the wheat leaf rust P. triticina 

Progress has been made in the study of wheat leaf rust pathogenici ty 
through methodological developments. Complementation of a U 
maydis mitogen-activated protein kinase (MAPK) knockout 
mutant with a P. triticina MAPK restored virulence, demonstrating 
that mutant complementation could be an effective way of studying 
rust functions (Hu et al., 2007). The knockdown of P. triticina 
signalling genes encoding an adenylate cyclase, a MAPK and a 
calcineurin through BSMV-mediated HIGS resulted in suppressed 
disease phenotypes (Panwar etai., 2013). Such a host-delivered 
RNA interference system could be effective through generations in 
transgenic wheat lines, conferring protection against rust disease 
(Panwar & Bakkeren, 2018). A co-bombardement assay of selected 
secreted proteins with a ~-glucoronidase (GUS) expressing vector 
was also developed to detect potential avirulence candidates. In this 
system, a reduction in GUS expression may result from a HR 
caused by the recognition of the secreted protein by the immune 
system. T wo secreted proteins were flagged as potential avirulence 
candidates using this biolistic assay (Segovia et al., 2016). 

4. Effectoromics of the Asian soybean rust fungus 
P. pachyrhizi 

One of the most advanced effectoromic screens performed in rust 
fungi was recently reported for P. pachyrhizi (Qi et al., 2018). The 
selection of 82 candidate effectors (PpECs) was based on 
haustoria RNAseq (Link T. et al., 2014; Link T.1. et al., 2014) . 
Qi et al. (2018) cloned the 82 PpECs in different vectors in order 
to: scrutinize their subcellular localization in N benthamiana; 
assay induction of an immune response in pepper and tomato; 
and assay cell death suppression in N benthamiana, Arabidopsis 
and yeast. Among the 82 PpECs, 17 suppress plant immunity and 
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30 PpECs target different cell compartments, such as nucleus, 
nucleolus and cytoplasm (Qi etaI. , 2018) . The secretion of one 
candidate, PpEC23, was confirmed in yeast and it was further 
shown to suppress the immune response in soybean. Interaction 
of PpEC23 with the soybean transcription repressor GmSPL12I 
was shown by yeast rwo-hybrid and pull-down. PpEC23 interacts 
with itself in the cytoplasm and it localizes in the nucleus when it 
interacts with GmSPL12I (Qi etai. , 2016). With this large 
effectoromic screen, the authors were able to propose a shortlist of 
17 P. pachyrhizi priority candidates that can now be specifically 
addressed in dedicated efforts (Qi et al., 2018) . This clearly 
illustrates the power of systematic and methodological approaches 
to large-scale screening applied to rust fungi. Parallel screening 
efforts identified other soybean rust candidate effectors. For 
instance, six candidates showed suppression of plant cell death 
triggered by Pseudomonas syringae pv. tomato DC3000 and an 
accumulation in nucleus and cytosol after transient expression in 
N benthamiana (de Carvalho etaI., 201 7). In another study, rwo 
out of six selected candidates were found to increase P. infestans 
infection in N benthamiana, suggesting a role in the virulence of 
the soybean rust fungus (Kunjeti et al., 2016). 

5. Effectoromics ofthe poplar rustfungus M. larici-populina 

Twenty candidate effectors of the poplar rust fungus have been 
investigated in N benthamiana to identifY their cellular localization 
and their putative plant partners (Petre et al., 2015) . Eight 
candidates showed either a specific localization when transiently 
expressed without their signal peptide in fusion with GFP or a 
specific interaction with plant proteins by coIP/MS. The candidate 
Mlp12401 7 was shown to interact with the poplar TOPLESS­
related protein 4 by coIP when coexpressed in N benthamiana 
(Petre et al. , 2015). This study also revealed a candidate effector 
targeting chloroplasts (chloroplast-targeted protein 1; M lpCTPl). 
A transit peptide in MlpCTP1 is necessaty and sufficient to 
accumulate in chloroplasts (Petre et al., 20 16b). This gene is part of 
a Melampsoraceae family and other members were shown to possess 
a transit peptide to target chloroplasts in plant cells. Sixteen other 
M . larici-populina candidates were assayed in A. thaliana through 
stable expression of GFP fusion to determine their subcellular 
localization (Germain et al., 2017). Three candidates showed an 
accumulation in plasmodesmata, chloroplasts and cytoplasmic 
bodies, respectively; Il promoted Hyaloperonospora arabidopsidis 
growth in planta, and five promoted P. syringae growth in planta. 
Three candidates promoted both oomycete and bacterial growth 
and may be considered as virulence factors (Germain et al., 201 7). 
Investigations conducted in rwo different heterologous systems 
highlighted Il poplar-rust candidate effectors with specific local­
ization and/or plant protein interactors (Table 1). 

6. Effectoromics of the flax rust fungus M. lini 

M elampsora lini is an advanced rust model for the genetic dissection 
of avirulence genes, and most known bona fide rust fungal effectors 
have been identified in this fungus (Petre etai., 2014). Detailed 
reviews have addressed the identification and study of avirulence 
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genes in the Rax rust fungus and have been a prime source of 
information (e.g. Ellis et al., 2007). A recent small screen investigated 
biochemical properties and structures of M. lini effectors (Zhang 
etaL, 2017a). This is the first screen to be aimed specifically at the 
production of recombinant rust effector proreins. Avirulence 
proteins AvrP, AvrP123, AvrP4 and AvrM were produced in several 
Escherichia coli strains. To date, AvrL567, AvrM and AvrP are the 
only rust fungal effectors with characterized three-dimensional 
structures. They exhibit completely different structures (i.e. ~­

sandwich fold, L-shape fold and elongated zinc-finger-like fold, 
respectively) , but they do, however, all display surface polymorphic 
residues involved in the recognition by the Rax resistance proteins L5/ 
L6/L7, M and P, respectively (Wang etai., 2007; Ve etai., 2013; 

Zhang et al., 2017b). No structural homology was found for the 
three Rax rust fungal effectors in structure databases (Wang et al. , 
2007; Ve etal., 2013; Zhang etai., 2017b). Resolving more rust 
effector structures may reveal structural homologies and inform their 
putative functions, which largely remain undetermined. 

7. Effectoromics of the coffee rust fungus H. vastatrix 

Hundreds of candidate effectors have been identified in H. vastatrix 
by genomic and transcriptomic approaches (Fernandez et al., 2012; 
Cristancho etai., 2014; Talhinhas et al., 2014). Similar to 
effectoromic screens conducted in P. graminis f. sp. tritici, a 
medium-throughput screen has been established to deliver candi­
dates in coffee leaves through Pseudomonas syringae pv. garcae (Maia 
et al., 2017). The effect of 30 H. vastatrix candidate effectors 
delivered into coffee leaves on the symptoms caused by P. syringae 
pv. garcae infection was assessed to identify avirulence candidates. 
HvEC-016 reduced bacterial growth and suppressed plant cell 
death in coffee genotypes cartying a specific resistance gene (Maia 
et al., 2017). This elegant approach, successfully applied to a 
complex rust pathosystem, opens promising perspectives for the 
identification of avirulence genes. 

8. Uromyces spp. effectoromics 

Uromyces fabae has been a pioneer rust species for the analysis of the 
infection process, notably through the description of haustorially 
expressed genes (Hahn & Mendgen, 1997). The secretion of c. 100 

U fabaecandidate secreted proteins has been validated using the yeast 
signal sequence trap system (Link & Voegele, 2008). Most functions 
sturued in this fungus are discussed in Section N. Asmall-throughput 
screen has been established to assay five Uromyces appendiculatus 
proteins through Beanpodmottlevirus-mediated HIGS. Silencingofa 
trehalose phosphatase, a chitinase-like protein and a glycoside 
hydrolase prevented U appendiculatus infection, suggesting they 
might play an important role in fungal development and plant 
infection (Cooper et al. , 2016; Cooper & Campbell, 2017). 

VII. Putting rusts to sleep: Pucciniales research 
outlooks 

Genomics has been a fantastic lever in fostering progress in the field 
of rust research (Duplessis etal., 2014). Despite the complexity of 
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rust genomes, the latest genomic reports are promising and the 
systematic use oflong fragment sequencing techniques will be key 
to resolving their assembly. Ir remains to be determined how these 
methods will perform in rust fungi with expected genome sizes 
> 1 Gb. The complexity of vety large rust genomes may very weil 
remain an impediment to completing genomic projects. On the 
other hand, many reportS have proved that transcriptomics is a 
promising alternative in the absence of a reference genome (for 
P. pachyrhizi, see Link T et al., (2014), Link TI. et al., (2014) and 
Qi et al. (2018); for H. vastatrix, see Fernandez et al. (2012) and 
Maia et al. (2017)). The large repertoires of small secreted proteins 
presenting typical features of effectors in rust genomes is impres­
sive, with hundreds to thousands of candidates per species. 
Expression of these genes in successive waves indicates that cohorts 
of effectors may act in a concerted way to allow the fungus to 
progress, unbeknownst to the host plant, and to maintain the 
biotrophic state. Whether effectors act alone or in complex with 
other effectors within the host cell will need to be determined. The 
many facets of the complex life cycles of rust fungi should be more 
systematically explored to improve our understanding of heteroe­
cism. The recent transcriptomic studies conducted du ring alternate 
host infection for several rust species provide a deeper understand­
ing of rust pathogenesis. Understanding reproductive mechanisms 
on alternate hosts in heteroecious rust fungi of major agricultural 
crops is essential for developing effective and sustainable strategies 
for managing rust diseases. 

By providing an exhaustive overview of effortS deployed towards 
searching for effector proteins among hundreds of candidates, our 
review illustrates the speed with which the field of rust research has 
progressed. The multiplicity of the rust pathosystems and the 
systematic application of cellular and molecular screens based on 
heterologous plant systems are examples of many high-value 
innovations that are paving the way towards a better understanding 
of the pathogenesis process. Similar efforts can be applied to any 
major rust fungus impacting agriculture or the environment. The 
same tools could be employed to identify and validate avirulence 
genes ultimately to inform host resistance management (Moscou & 
van Esse, 2017). 

Efficient tools with which to unravel the precise molecular 
mechanisms of rust- plant interactions are still urgently needed. For 
years, attempts to genetically transform rust fungi have had limited 
success (Lawrence et al., 2010; Djulic et al., 2011). Gene silencing is 
the best proxy at the moment and it is beingwidely and successfully 
applied to P. striiformis f. sp. tritici (Panwar & Bakkeren, 2017; 
Tang et al., 2017). Efforts are currently ongoing to achieve genetic 
transformation in several Pucciniales, which, at the moment, 
appears to be the most direct way to address critical functions during 
interaction with the host plant (Fig. 5). Development of standard­
ized routines in genomics and the design of functional pipelines are 
also needed in the community to allow for comparative srudies. The 
more recent focus on effector genes has, however, somewhat 
overshadowed other categories related to infection. If understand­
ing how the pathogen is able to rewire the plant immune system to 
avoid recognition and establish infection in the host is important, it 
will be just as crucial to determine how it is able to reroute nutrients 
and sustain its growth and spore multiplication. 
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Fig. 5 Perspectives for rust fungal effector biology. Perspectives related to 
genomic and transcriptomic approaches are indicated in pink; and those 
related to applications in heterologous systems or in the pathosystem are in 
blue and green, respectively. Improved assembly of reference genomes, 
access to populational information and life cycle-informed transcriptomics 
will support mining for candidate effectors and avirulence gene identification 
in ru st fungi; com parative rust genomics will enable better identification of 
core and lineage-specific effectors, and improvement of prediction too ls will 
help their priorit ization. Effectoromic screens pinpoint priority candidates 
with particular localizat ion, planttargets and aviru lence properties. The main 

challenge of rust effector bio logy is to validate candidate effectors in the 
pathosystem through transformation of ru st fungi and their hosts. Some 
approaches, su ch as host-induced gene silencing and expression of effectors 
in the host plant, are readily avai lable but 50 far the inability to obtain 
knockout mutants remains a drawback. The main output for ru st effector 
research is translation to field disease management with selection of new 
resistances or less susceptible plants for future applications in agriculture. 
NGS, next-generation sequencing. 

Progress in the field of rust effectar biology and pathogenesis in 
rust fungi can inform the selection of new resistances in host plants 
and the development of novel means of controlling or containing 
crop diseases (Fig. 5). A number of recent reviews have specifically 
discussed how findings from molecular analysis of the effector 
mechanisms can translate into developing integrated resistance 
management approaches (Boch etai. , 2014; Moscou & van Esse, 
2017; Nelson etai., 2018). Although the gap between fundamental 
and applied research remains strong, recent rapid advances on all 
fronts in understanding obligate biotrophy significantly support 
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the fight against the fascinating plant pathogens that are the rust 
fungi . 
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A rust fungal effector binds plant 
DNA and modulates transcription 
Md Bulbul Ahmed1,2, Karen Cristine Gonçalves dos Santos1,2, Ingrid Benerice Sanchez1,2,3, 
Benjamin Petre4l!)4,S,6, Cécile Lorrains, Mélodie B. Plourde1,2, Sébastien Duplessis4l!)s, 
Isabel Desgagné-Penix4l!)l,2 & Hugo Germain 1,2 

The basidiomycete Melampsora larici-populina causes poplar rust disease by invading leaftissues 
and secreting effector proteins through specialized infection structures known as haustoria. The 
mechanisms by which rust effectors promote pathogen virulence are poorly understood. The present 
study characterized Mlp124478, a candidate effector of M. larici-populina. We used the models 
Arabidopsis thaliana and Nicotiana benthamiana to investigate the function of Mlp124478 in plant 
cells. We established that Mlp124478 accumulates in the nucleus and nucleolus, however its nucleolar 
accumulation is not required to promote growth ofthe oomycete pathogen Hyaloperonospora 
arabidopsidis . Stable constitutive expression of Mlp124478 in A. thaliana repressed the expression of 
genes involved in immune responses, and also altered leaf morphology by increasing the waviness of 
rosette leaves. Chip-PCR experiments showed that Mlp124478 associats'e with the TGAla-binding DNA 
sequence. Our results suggest that Mlp124478 exerts a vi rulence activity and binds the TGAla promoter 
to suppress genes induced in response to pathogen infection. 

Plant pathogens secrete molecules, known as effectors, into host tissues to promote parasitic growth. Effectors 
target various host cell compartments and interact with molecules, such as proteins and DNA, to modulate 
their location, stability and function 1-4 . Nowadays, molecular plant pathologists employ effectors as probes to 
identify and understand the plant processes targeted by pathogens and exploit this insight to develop resistant 
crops. Genomic approaches coupled with heterologous expression studies in Arabidopsis thaliana and Nicotiana 
benthamiana are commonly undertaken to decipher the mechanisms by which effectors promote pathogen 
virulenceS- 9• 

Many effectors interfere with transcription to alter plant immune responses IO- 11 . For instance, bacterial tran­
scription activator-like effectors (TAL) function as transcription factors and alter host gene expression levels, 
which may result in substantial influence on host phenotypes 13,14 . The oomycete Hyaloperonospora arabidopsidis, 
a filamentous obligate biotrophic pathogen, has effectors that target the nucleus. One of them, HaRxL44, accu­
mulates in the nucleus and interacts with the Mediator complex MED 19a, inducing its proteasome-mediated 
degradation. This, in turn, leads to transcriptional changes resembling jasmonic acid and ethylene induction with 
repressed salicylic acid signaling enhancing susceptibility to biotrophs 'S. Similarly, global expression profiling 
of the fungal biotroph Ustilago maydis-maize interaction demonstrated early induction of the defense response 
genes which are later quenched 16, indicating that host transcriptional reprogramming is a conserved mechanism 
amongst biotrophs. 

Rust fungi (order Pucciniales) are notorious plant pathogens and are among the most studied obligate 
biotrophic fungal pathogens I7,18. Melampsora larici-populina causes poplar leaf rust disease, which threatens 
poplar plantations worldwide l9

. Genome analysis of M. larici-populina has predicted 1,184 small secreted pro­
teins (SSPS) lO. Several features, such as expression in poplar leaves during infection, homology to other known 

lDepartment of Chemistry, Biochemistry and Physics, Université du Ouébec à Trois-Rivières (UOTR), Trois-Rivières, 
OC, G9A 5H7, Canada . lGroupe de recherche en biologie végétale, UOTR, Trois-Rivières, OC, G9A 5H7, Canada. 
3Department of Biotechnology and Engineering in Chemistry, Instituto Tecnolagico y de Estudios Superiores de 
Monterrey, Campus Estado de México (ITESM CEM), Margarita Maza de Juarez, 52926, Cd, Lapez Mateos, Mexico. 
4The Sainsbury Laboratory, Norwich Research Park, Norwich, NR4 7UH, UK . slNRA, UMR 1136 Interactions Arbres/ 
Microorganismes, INRA/Université de Lorraine, Centre INRA Grand Est - Nancy, 54280, Champenoux, France. 
6Université de Lorraine, UMR 1136 Interactions Arbres/Microorganismes, INRA/Université de Lorraine, Faculté des 
Sciences etTechnologies - Campus Aiguillettes, BP, 70239-54506, Vandoeuvre-lès-Nancy, France. Correspond en ce 
and requests for materials shou ld be addressed to M.B.P. (email: Melod ie.Bplourde@uqtr.ca) or H.G. (email: hugo. 
germain@uqtr.ca) 
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Figure 1. Sequence alignment and phylogenetic tree of the M. Larici-populina CPG2811 SSP family. (A) 
Schematic representation of Mlp 124478 protein topology, signal peptide (SP), nuclear localization sequence 
(NLS) and DNA-binding domain are shown. (B) Multiple sequence alignment of the ni ne members of the 
M. Larici-populina CPG2811 SSP family. Predicted Signal peptides (SP) are boxed. Identical/highly conserved 
residues (*); semi conserved residues (:) and conserved residues (.) are marked. Predicted nuclear localization 
signal (NLS) is indicated by solid black underline. (C) Phylogenetic tree of the nine members of the CPG2811 
gene family obtained with COBALT using Kimura distance value and neighbor joining tree method. Amino 
acid length is indicated in parenthesis. 

rust effectors, signature of positive selection, specificity to Pucciniales order, and lack of a predicted function, 
were considered to select candidate secreted effector proteins (CSEPS)21.22. Recently, twenty M. Larici-popuLina 
candidate effectors were shown to accumulate in multiple leaf ceil compartments and target several protein com­
plexes when expressed heterologously in N. benthamiana22 . Of the CSEPs analyzed by Petre et al. (2015) and 
Germain et al. 201823, Mlp124478 is the on ly one to localize to the nucleus and nucleolus both in N. benthami­
ana and Arabidopsis. MLp124478 is part of a gene family of nine members (CPG281 1), which are specific to the 
order Pucciniales (Hacquard et aU I). MLp124478 expression is strongly induced during infection and reaches 
50-fold induction at 96 h after infection. Given the kinetics of M. Larici-populina infection, this corresponds to 
the biotrophic growth stage in mesophyll cells24. In addition, the CPG2811 group presents a signature of rapid 
evolution, a feature of pathogen effector families:! l. These different features observed for Mlpl24478 prompted us 
to investigate its functional role more precisely. 

Here, we confirmed the localization of Mlp l 24478 in epithelial ceils of A. thaliana, we identify the sequence 
responsible for the nucleolar accumulation and investigate the effector cellular function in pLanta. Since the con­
stitutive expression of MLp124478 in A. thaliana affects morphology and susceptibility to H. arabidopsidis, we 
used a transcriptomic approach to test whether the effector induces transcriptional reprogramming. Our results 
indicate that Mlp124478 nucleolar accumulation is dispensable for the effector to exert its virulence activity. 

Results 
Mlp124478 carries a putative nuclear localization signal and a putative DNA-binding domain. 
Mlp124478 is part of the CPG2811 multigenic family, which is specific to rust fungi with nine members; each 
is composed of a predicted signal peptide followed by two exons encoding short peptides (75-96 amino acids) 
(Fig. l A,B). Except for the six conserved cysteine residues, amino acid conservation is low in the family. Amino 
acid identity ranges from 28% to 60% between Mlpl24478 and the other family members (Fig. 1 Cl. Mlp 124478 is 
the only member of the CPG2811 family that exhibits a putative nuclear localization signal (NLS) and a putative 
DNA-binding domain (amino acids 29-38 and 58 to 80, respectively, Fig. 1 A). The infection specific expression 
of MLp124478 and its uniqueness among his family prompted us to investigate if it played a role in pLanta du ring 
pathogen growth. 

Mlp124478 affects Arabidopsis leaf shape and accumulates in the nucleus and the nucleolus of 
A. thaliana cells. To evaluate the biological consequences of Mlp 124478's presence in plant cells, we used 
functional genomic assays as summarized in Fig. 2. We generated a stable transgenic A. thaliana line expressing 
the mature form of MLp124478 (i.e., without the signal peptide) fused to GFP under the control of a 35S promoter 
(pro35S::MLp124478-GFP) in the Col-O background (Fig. 2). Interestingly, the transgenic lines exhibited altered 
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Figure 2. Overview offunctional approaches applied to Mlp124478. (A) Mlpl24478 was mined from CPG2811 
family and has a signal peptide (SP), a putative nuclear localization signal (NLS) and a putative ONA-binding 
domain (OBO). (B) The mature coding sequences ofMlpl24478 was cloned in frame with the green fluorescent 
protein (GFP). (C) Mlpl24478 was recombined into pVSPPsSpdes vector for Pst infection assay (etfector 
delivery) and pB7FWG2.0 was then inserted into A. tumefaciens strain CS8C!. (D) Pst expressing Mlpl24478 
was syringe infiltrated into the abaxial side of the leaves of Arabidopsis thaliana. (E) A. tumefaciens strain 
CS8Cl expressing Mlpl24478 was used to develop stable transgenic A. thaliana plants expressing Mlpl24478 
and perform transient expression, both were viewed by confocal microscopy (F) Transcriptomic study was 
performed with cONA library preparation from the RNA extracted from the transgenic A. thaliana expressing 
Mlpl24478 and control. 

leaf morphology, characterized by waviness of leaf margins, while no curvature in the margins was evident in 
Col-O plants (Fig. 3A). Anti-GFP immunoblotting for proteins extracted from Mlpl24478-GFP and Col-O lines 
revealed a band signal at the expected size of 37 kDa only in the transgenic line (Fig. 3B), indicating that the 
fulliength fusion accumulates in plant cells. Our results suggest that the constitutive in planta expression of the 
Mlpl24478-GFP fusion alters leafmorphology. 

To ascertain the subcellular localization of Mlpl24478, we undertook confocallaser scanning microscopy of 
leaves from 4-day-old A. thaliana seedlings expressing Mlp124478-GFP fusion . We detected the GFP signal in 
the nucleolus, the nucleoplasm, and the cytosol of epithelial cells (Fig. 3C) similar to the localization observed in 
N. benthamiana by Petre et al. (201Sb). In contrast, in control plants expressing GFP, the fluorescent signal accu­
mulated only in the nucleoplasm and cytosol, and was excluded from the nucleolus (Fig. 3C). We conclude that 
Mlp124478-GFP mainly accumulates in the nucleolus and nucleoplasm ofleaf cells, with a weak accumulation 
in the cytosol. 

Mlp124478 Nuclear Localization Signal (NLS) is required for nucleolar accumulation. Mlpl24478 
carries a predicted NLS consisting of 10 amino acids within the N-terminal part of the mature form (MlpI2447829_3s:: 
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Figure 3. Mlp124478 car ries a putative nuclear localization signal and a putative DNA-binding domain. (A) 
Morphology of 4-week-old soil grown A. thaliana Col-O and stable transgenic plant expressing Mlp124478 
grown at 22 oC under 14h/l0 h photoperiod in growth chamber. (B) Immunodetection ofGFP protein in Col-O 
and stable transgenic seedlings from 12 days old plantlets. (C) Live cell imaging using confocal microscope 
of epidermal cells of 4-days-old A. thaliana stable transgenic Mlp1 24478-GFP plantlets. GFP in the Col-O 
background was used as control. Left panel shows GFP, middle panel shows DIC and right panel shows merge. 
Nucleoli are pointed with black or white arrowheads. 

RHKNGGGSRK) (Fig. 1). To assess whether the predicted NLS was required for nuclear localization, we designed 
a GFP tagged construct lacking the predicted NLS, hereafter named Mlp 124478L\29_3s-GFP, and expressed it tran­
siently in N. benthamiana leaf cells by agro-infiltration (Fig. 4A). Consistent with our observation in A. thaliana 
and from those of Petre et al. (2015), Mlp 124478-GFP fusion accumulated in both the nucleus and nucleolus of 
N. benthamiana epithelial cells (Fig. 4B). However, MlpI24478 t>29_3s-GFP accumulated solely in the nucleus and 
cytosol, and its signal was excluded from the nucleolus (Fig. 4B). To quantify the changes in subcellular distribu­
tion, we generated intensity plots of the fluorescent signais, which showed decreased fluorescence in the nucleolus 
between the two Mlp124478 constructs (Fig. 4C and Supplementary Fig. 1). Mlp124478-GFP had a significantly 
higher nucleolar/nuclear ratio of 5.55 (SD = 1.55) compared to MlpI24478t>29_3s with a ratio of 0.8 (SD = 0.77) 
(Fig. 4C). Taken together, these results suggest that the predicted NLS of Mlp 124478 also acts as a nucleolar 
localization signal. 

Mlp124478-GFP and Mlp124478~29-38-GFP increase H. arabidopsidis growth on A. thaliana. In 
order to assess whether Mlp124478 accumulation and localization in plant cell affects susceptibility to pathogen 
growth, we generated an additional transgenic line expressing MlpI24478t>29_3s-GFP and conducted two different 
pathogen assays. Firstly, we infected the stable transgenic A . thaliana that constitutively express effectors with H. 
arabidopsidis. Secondly, we used a P. syringae effector-delivery system. 

Firstly, we observed that the wavy leaves phenotype observed in Mlp1244 78-GFP was strongly enhanced 
in Mlp 124478t>29_3s-GFP. It resulted in twisted and larger leaves (Fig. 5A-ii ) and Mlp 124478t>29_3s-GFP plants 
also displayed early bolting (Fig. 5A-iii ). We then confirmed that the effector localization in A. thaliana 
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Figure 4. Mlp124478 Nuclear Localization Signal (NLS) is required for nucleolar accumulation . (A) 
Schematic representation of the constructs (Mlp 124478 and Mlp 124478L'i29_3s) used for transient expression. 
(B) Subcellular accumulation ofMlp124478-GFP and MlpI24478L'i 29_3s-GFP in N. benthamiana epidermal 
cells at 4-days post-infiltration, the nucleus was stained by DAPI and epidermal cells were observed under the 
blue channel (left panel), green channel (middle panel) and merge of aH channels (right panel). Arrowheads 
point the nucleolus. (C) Nuclear-nucleolar distribution of the fluorescent fusion proteins according to the 
fluorescence intensity ratios: nucleolar intensity (I No) divided by nuclear intensity (IN)' 

corroborated with the one observed in N. benthamiana and again observed a similar localization as before; that 
is Mlp 124478-GFP effector accumulates in the nucleolus, nucleus and cytosol white the Mlp 124478"'29_3s-GFP 
is excluded from the nucleolus but still accumulate in the nucleoplasm and to a lesser extent in the cytoplasm 
(Fig. SB). Secondly, we performed infection assays to evaluate the susceptibility of the transgenic plants. Seven 
days following H. arabidopsidis spores inoculation, we quantified the number of spores and counted 3.8 times 
more spores on Mlp124478-GFP than on Col-O, 4.3 times more spores on Mlp 1 24478"'29_3s-GFP than on Col-O 
and 14.5 times more spores on edsl -l than on Col-O. We noted a significant increased sllsceptibility in Mlp124478 
and Mlp124478"'29_3s-GFP transgenic plants compared to Col-O (P < 0.0001), although not as strong as that 
encountered in edsl-l plants, lIsed as positive control (Fig. SC). These findings demonstrate that the nucleolar 
localization of Mlp124478 is not necessary for the augmented plant susceptibility to H. arabidopsidis. 

Experiments using the plant bacterial pathogen PstDC3000L'iCEL carrying Mlp124478 or an empty vector 
(Supplementary Fig. 2A) and additional experimental assay using Pst in which the effector was expressed in 
planta did not demonstrate alteration of pathogen growth (SlIpplementary Fig. 2B). These results indicate that 
neither the full-Iength mature effector nor the truncated effector excluded from the nucleolus increased plant 
susceptibility to this bacterial pathogen. From this experiment set, we conclude that Mlpl24478 enhances the 
growth of the filamentous pathogen H. arabidopsidis but not of the bacterial pathogen P. syringae in A. thaliana. 

The expression of Mlp124478 in plant cells alters A . thaliana transcriptome. To better under­
stand how Mlpl24478 functions in plant cells, and since it alters plant morphology and sllsceptibility to pathogen, 
we investigated whether Mlp 124478 alters gene expression in A. thaliana . We performed transcriptome profiling 
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Figure 5. Mlp124478-GFP and MlpI 24478l129_3s-GFP increase H. arabidopsidis growth on A. thaliana. (A) 
Col-O plant showing normalleaves (i); wavy leaves phenotype observed in Mlp 124478-GFP (ii ); strongly 
enhanced leave waviness and early bolting in MlpI 24478l129_3s-GFP (iii) morphology of edsl -l (iv). (B) Live 
cell imaging using confocal microscopy of epidermal cells of 4-days-old stable transgenic Mlp124478829_3s-GFP 
and Mlp124478-GFP plantlets. Left panel displays GFP, middle panel shows DIC, right panel shows the merge. 
Nuc\eoli are pointed with arrows. Scale bar: 10 !Jill. (C) Four weeks old soil grown Col-O, stable transgenic 
Mlp124478, Mlp124478829_3s-GFP and edsl-l plants were spray inoculated with Hyaloperonospora arabidopsidis 
Noc02 (50,000 conidiospores/mL) and the number of conidiospores were quantified at 7 days after inoculation. 
Statistical significance was evaluated using student's t test. Asterisk denotes significant difference to Col-O, 
p < 0.0001 for Mlpl 24478 and p < 0.002 for Mlp1 24478829_3S• Experiments were repeated three times with 
similar results. 

of 4-days-old A. thaliana Mlpl 24478 stable transgenic line and control plants expressing GFP. We identified 98 
up- and 294 down-regulated genes, respectively (Fig. 6A, Supplementary Dataset). To test the robustness of the 
transcriptome data, we used qRT-PCR to assess the expression of3 randomly selected up-regulated genes and 7 
down-regulated genes. Transcriptome and qRT-PCR data correlated weil, although quantitative differences were 
detected (Supplementary Fig. 3). 
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Figure 6. The expression of Mlp124478 in plant ceUs alters A. thaliana transcriptome. (A) Schematic 
illustration oftranscriptomic work flow. RNA was isolated From 4-days old A. thaliana Mlp124478 
stable transgenic and Col-O plants and sequenced using Ion torrent. Transcripts were analyzed using 
iPlantCoUaborative DNA subway and deregulated genes were considered for further analysis. (8) Go term 
enrichment analysis was performed with deregulated genes filtered with Q-value ~ 0.05 and fold -change 2: 2 
using the Cytoscape software (version 3.1.1). Cytoscape was performed with the plug-in ClueGO and CluePedia 
to visualize functions enriched in the deregulated genes. The GO terms presented are significantly enriched 
in up-regulated and down-regulated genes with FOR ~ 0.05 (Benjamini-Hochberg p-value correction) and 
revealed 15 GO terms belonging to 7 functional groups. 

GO term enrichment analysis was applied to the deregulated genes to determine relevant biological processes. 
Seven functional groups (groups 0-6) of GO terms were significantly enriched among deregulated genes (Fig. 6B). 
The up-regulated genes with related GO terms are presented in (Fig. 6B). Among the 294 down -regulated 
genes and out of the 42 genes of the "cell wall organization", 37 belong to the xyloglucan transglycolase XTH, 
XRT and EXT families. The defense-related transcription factors WRKY18, WRKY27, WRKY33, MYB51, the 
defense-related proteins NHL3, RPP8, YLS9, AZIl, CRK II and the jasmonate pathway and regulation genes 
JAZI , ASAI, ASBI were down-regulated in the Mlp124478-GFP transgenic Iines compared to the GFP trans­
genic plants. Other genes involved in diverse mechanisms were down-regulated such as the chitinase CHI, the 
brassinosteroid-related genes BASI, BES 1 PAR l, BEE l, the salicylic acid-related genes NPR3, the ethylene-related 
response genes ARGOS and ARGOS-Iike (ARL), EBF2, ERF6, ETR2, RTEI, the carbon metabolism-related 
genes EXO, the red/far red light signalization-related genes FARI, GA20X2, PARI , PIF3, PKS4. The changes in 
Mlp124478-GFP A. thaliana transgen ic line transcriptomes occured mostly by a down -regulation of the expres­
sion of genes involved in diverse functions, frequently related to defense response regulation. 

Next, we analyzed the gene expression profiles of up- and down-regulated genes during ditferent biotic per­
turbations. We accessed Genevestigator towards this end. Expression levels in five ditferent infection conditions 
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Figure 7. Regulation of gene expression level. Heat map of biotrophic pathogens response of genes in 
two groups: (A) upregulated genes and (B) down regulated genes. Genevestigator was used for differential 
expression analysis. 

(Golovinomyces orontii, Phytophthora infestans, H. arabidopsidis, Golovinomyces cichoracerum, Plectosphaerella 
cucumerina) were retrieved for ail up- and down-regulated genes in the A. thaliana transgenic line overexpressing 
Mlp 124478 (Fig. 7 A,B). Almost aU up-regulated genes (92%) in our transcriptome analysis were down-regulated 
in response to these pathogens. Only one gene (At3g51660) also appeared up-regulated (maximum fold change 
of2 .5) in most conditions (F ig. 7 A). Of the 30 down-regulated genes, 8 were up-regulated in almost ail condi­
tions surveyed (At2g37130, At3g25600, At5g13190, At5g579 1O, At2g39200, Atl g50740, At5g396 10, At2g35980; 
Fig. 7B). We further analyzed the identity of these genes. At2g37130 encodes a peroxidase, which was strongly 
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Figure 8. Mlp124478 binds DNA. Two-weeks-old plants tissues ofCol-O expressing GFP or stable transgenic 
Mlp124478 were used for chromatin preparation using ChIP assay with antibody against GFP as described 
in the material and methods section and A. thaliana genomic DNA was used as a positive control. TGAla 
associated site was PCR amplified with TGA 1 a specifie primer pair. Expected bands (211 bp) was obtained from 
transgenic and Arabidopsis genomic DNA for TGAla at the promoter region of AT2G34450 gene. Mlp 124478-
GFP indicates chromatin IP from that line. Col -O indicates that chromatin was immunoprecipitated from Col-O 
expressing GFP (negative control). Genomic Col-O DNA, not immunoprecipitated served as a positive control. 
The other genes shown (At4g08870, At2g39250, At2g47750, At4g39800) are examples of non specifie reaction. 
Col-O expressing GFP DNA: negative control; A. thaliana genomic DNA: positive control. 

up-regulated in response to fungal infection . At5g13190 encodes a plasma membrane protein regulating cell 
death . At2g39200 encodse MlLDEW RESISTANCE LOCUS 012 (AtML012) whereas the product of the 
At2g35980 gene was very similar to Arabidopsis NON-RACE-SPECIFIC DISEASE RESISTANCE 1 (NDRl). These 
results mirror those obtained with Cytoscape and further confirm that Mlp124478 rewires host transcription 
specifically to induce genes not normally expressed during infection against those five pathogens, whereas gene 
normally up-regulated in response to these pathogens are down-regulated upon expression ofMlp124478. 

Mlp124478 binds DNA. The localization of Mlp124478 in planta, the presence of a DNA-binding motif 
and alterations at the transcriptional, morphological, and immune levels prompted us to investigate whether 
Mlpl24478 associates with DNA molecules. In a first time, we screened for Transcriptional Factor Binding 
Sites (TFBS) in the promoter sequences of ail up- and down-regulated genes identified in our transcriptome 
analysis. We identified four different TFBS, which were very abundant among the up- (43 genes out of 98) 
and down-regulated (30 genes out of 294) genes (Supplementary Dataset). TFBS in the up-regulated gene set 
included ABFl and TGA la which belongs to the basic region/leucine zipper motif (bZIP) transcription factor 
(TF) family; and TCP16 belongs to the TCP (IEOSINTE BRANCHED l , ÇYCLOIDEA and .!:ROLIFERATING 
CELL NUCLEAR ANTIGEN FACTOR 1) TF family. The TFBS ATHB5 and TCPI6 were also among the 
down-regulated genes. Thus, these TFBS were selected as candidate targets for Mlp124478-DNA interaction 
studies. 

In a second time, we performed a ChIP-PCR experiment. We cross-linked proteins and DNA using for­
maldehyde, and then immunoprecipitated (IP) Mlp124478-GFP fusion with anti-GFP beads from transgenic 
plants. We designed primer pairs that could amplify the promoter regions most abundant among de-regulated 
genes (TCP 16, ATHB5, TGAla and ABFl). One of the primer sets amplified DNA, revealing an interaction of 
Mlp 124478 with the TGA la-binding site of AT2G34450, one of the gene among the most strongly up-regulated 
genes in Mlpl24478-expressing plants. We did not observe any band in the IP with Col-O plant expressing GFP, 
which served as negative control, but a band was produced with A. thaliana Col-O genomic DNA as positive 
control (Fig. 8) (four examples (At4g08870, At2g39250, At2g47750 and Atg39800) of non specifie interaction are 
shown below At2g34450 (ail interaction are shown in Supplementary Fig. 4». AT2G34450 was up-regulated in 
the presence of Mlp 124478 and showed down-regulation against biotrophic pathogens (Fig. 7 A). We attempted 
EMSA with a synthetic peptide encompassing the DNA-binding domain of Mlp 124478 and a double-stranded 
oligonucleotide displaying the consensus TGAla sequence, but did not discern any interaction (Supplementary 
Fig. 5). This results confirms that Mlp124478 interacts with DNA but the exact binding domain, sufficient for 
interaction could not be identified. 

Since poplars are natural the hosts of M. larici-populina, we searched for the sequence immunoprecipitated in 
the ChIP experiment in the Populus trichocarpa genome. The promoter of the gene model POPTR_0004s13630.1 
exhibits 57% ofidentity with the AT2G34450 promoter. Both genes encode protein with a similar predicted func­
tion, with a conserved exon-intron structure (6 exons and 5 introns), and a TGAla regulatory sequence in their 
promoter sequence (Supplementary Fig. 6), suggesting that DNA interaction in Arabidopsis could also occur in 
poplars. 
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Discussion 
Recently, several groups reported on the use of heterologous systems to investigate the function, localization, 
and interaction of effectors From biotrophic pathogens6,7,22,2S-Z9. It has also been shown that many pathogens 
effectors target the nucleus and, in sorne cases, alter transcription30-32. Here, we undertook a functional genomics 
approach to study Mlp 124478, a CSEP From the poplar leaf rust pathogen M. lariei-populina. We conducted in 
planta pathogen assays, live-cell imaging, comparative transcriptomics, and protein-nucleic acid interaction to 
assess Mlp124478 function. 

One of the major finding of our study is that Mlp 124478 represses the expression of genes involved in defense 
response. The GO terms that were most significantly enriched were response to virus, response to bacterium, 
response to brassinosteroid, indole-containing compound biosynthetic pro cess, cell wall organization, response 
to red or far red light signaling and negative regulation of ethylene-activated signaling pathway (Fig. 6B). 
Among the most down-regulated genes, several belonged to the defense-related transcription factors WRKYI8, 
WRKY27, WRKY33, MYB51 33.34, the defense-related proteins NHL335, RPP836, YLS937, AZIl 38, CRK1l 39 and 
the jasmonate pathway such as JAZI 4o, ASAI, ASBI 41

, a chitinase which is involved in defense against fungi and 
salicylic acid-related genes NPR342. Thus, the changes in the transcriptome of the transgenic line expressing 
Mlp124478-GFP occur mostly by the down-regulation of expression of genes involved in functions frequently 
related to defense response regulation. 

The presence of a DNA-binding domain in Mlp 124478 and the fact that we could confirm Mlp124478 inter­
action with DNA in a sequence-specific manner, besides alteration of the transcriptome through downregulation 
of defense related genes strongly suggest that it may alter gene expression to deceive plant immune systems. 
Recently, effectors From filamentous pathogens that bind DNA have been identified. CgEP l , a Colletotriehum 
graminieola effector with DNA-binding properties has been shown to en han ce anthracnose development in 
maize3. Like Mlp 124478, the oomycete effector PsCRN 108 exhibits a putative DNA-binding domain, localizes 
to the nucleus and downregulate the expression of defense-related genes43. Several down-regulated genes found 
in our study corresponded to genes also reported recently highlighted in a transcriptomic analysis of A. thaliana 
responses during colonization by the two fungi Colletotriehum tofieldiae (symbiont) and Colletotriehum ineanum 
(parasite) . This study and our results share eight GO terms, with the exception that genes induced during the 
colonization by C. ineanum are down regulated in Mlpl24478 transgenic lines (Supplementary table 2). Hence, 
the expression of this single effector (Mlp 124478) appears to bear broad transcriptional impact as it appears to 
counter the normal gene regulation described by Hacquard (2016) using a very similar analysis. However, since 
the EMS A assay could not confirm a direct protein-DNA interaction, the broad transcriptional changes caused 
by the presence ofMlp124478 could be caused by an indirect effect or interaction with a transcriptional regulator. 

When Arabidopsis was exposed to a filamentous pathogen that possesses a mode of infection similar to rust 
fungi, we observed more susceptibility to pathogen growth, but susceptibility was not enhanced to infection by 
bacterial pathogen. This result indicates that this effector may target an immunity component specifically affected 
by pathogens with filamentous lifestyle. The morphology of the plants expressing Mlp124478 or Mlp124478~9_38 
is altered, the plants show wavy leaves and Mlp124478,m _38 displays early bolting. Altered phenotype has pre­
viously been associated to altered susceptibility to pathogen. For instance, the sen1 mutant plants have been 
thoroughly described as having increased resistance to pathogen and accumulate elevated salicylic acid level44, 
however sne1 plants have very short stature unlike the plants expressing Mlp124478. Although wavy leaf pheno­
type has been reported before it does not appear to be linked to plant susceptibility4s. 

Since the default GFP distribution in plant cells is nucleo -cytoplasmic, the localization of a GFP-tagged 
effector displaying nucleo-cytoplasmic distribution is considered non-informative. However, in the case of 
Mlp124478, the localization in nucleoli indicates that GFP is not masking the Mlp12447810calization sequence, 
th us localization is driven by the effector sequence. Nucleolus targeting has long been recognized as a hallmark 
of virus infection46-48, essentially to recruit nucleolar proteins and facilitate virus replication48

, but has also been 
observed for other pathogens, including oomycete49 and bacteriaso. While virallifestyle easily explains the need 
to target the nucleolus, the reasons why a rust effector would do so are not as clear. Since the virulence activity of 
Mlp 124478 does not require nucleolar accumulation, the accumulat ion of Mlp 124478 in the nucleolus remains 
unexplained; however Mlp124478 could have additional function in the nucleolus which is undetected in our 
virulence assays. 

Taken together, our results suggest that Mlp124478likely manipulates plants by targeting DNA, remodeling 
transcription via DNA-binding, to suppress normal transcriptional responses to pathogens, and mislead the host 
into up-regulating the expression of genes unrelated to defense. 

Materials and Methods 
Plant material and growth conditions. A. thaliana and N. benthamiana plants were soil-grown in a 
growth chamber under a 14 h/iO h light/dark cycle with temperature set at 22 oC and relative humidity of 60%. 
The plants were grown in Petri dishes for the selection of single-insertion homozygous transgenic Mlp124478 
with Y, Murashige and Skoog medium containing 0.6% agar and 15 mg/ml Basta. 

Growth of Pseudomonas syringae pv. tomato, H. arabidopsidis Noco2 and infection assay. 
Pseudomonas syringae strain llCELs, containing Mlp124478 was grown overnight and infiltrated in the leaves of 
4-weeks-old Col-O and oftransgenic Mlp 124478 plants at an optical density at 600 nm (OD6OQ) of 0.00 1. Pst infec­
tions were produced by syringe infiltration of 4-weeks-old Arabidopsis plant leaves, and H. arabidopsidis Noc02 
spray infections were performed as previously described52

. 

Plasmid construction . Constructs were developed with Gateway cloning systems (Invitrogen, Life 
Technologies). The Mlp1244 78 coding sequence without the signal peptide (lacking amino acids 1-27, 
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hereafter referred to as Mlp124478) was ordered from GenScript in pUC57 in Iyophilized form, and primer pairs 
(Supplementary Table l, Primers Nos 1-3) were used to amplify the open reading frame (ORF) of Mlp124478 
from pUC57 by the polymerase chain reaction (PCR). Amplicons were then cloned into pDONR™221 entry vec­
tor by Gateway BP recombination, followed by recombination with Gateway LR reaction either into p VSP PsSpdes 
vector for Pst infection assay (effector delivery) or pB7FWG2.0 vector53 to express C-terminal green fluorescent 
protein (GFP)-tagged Mlp124478 fusion in planta. pVSPPsSpdes harbors the AvrRpml secretion signal54 . 

Transient expression in N. benthamiana leaf cells. Solutions of A. tumefaciens-carrying recombinant 
plasmids were infiltrated into leaf pavement cells of 4-weeks-old N. benthamiana plants55. Briefly, A. tumefaciens 
AGLl-competent cells were transformed with pB7FWG2-containing Mlp124478 and grown overnight in yeast 
extract peptone medium supplemented with spectinomycin (50 mg/L). The cells were precipitated by centrifuga­
tion at 300g and adjusted to OD600 of 0.5 in infiltration buffer (l0 mM MgCI2 and 150 !lM acetosyringone). After 
1 h, the agro-suspension was infiltrated into the abaxial side ofleaves, and the plants were returned to the growth 
chamber. At 2 days post-infiltration (dpi), water-mounted slides ofleaftissue from agro-infected leaves were 
visualized by confocal microscopy. 

Confocallaser scanning microscopy. Leaves were observed under a Leica TCS SP8 confocallaser scan­
ning microscopy (Leica Microsystems). Images were obtained with HC PL APO CS2 40X/1.40 oil immersion 
objective, and acquired sequentially to exclude excitation and emission crosstalk (when required). Leaves were 
immersed in water containing 0.2 !lg/ml DAPI for 15 min for nuclei staining at room temperature. The samples 
were then observed at excitation/emission wavelengths of 405/444-477 nm and 488/503-52 1 nm for DAPI and 
eGFP, respectively. Images were annotated with LAS AF Lite software. 

Chromatin immunoprecipitation (ChIP)-polymerase chain reaction assay. ChIP assays were 
conducted, as described previously, with minor modifications56. Briefly, 300 mg of 2-weeks-old A. thaliana 
Mlp124478 stable transgenics and Col-O plants expressing GFP were collected in tubes containing 10 mL of 
phosphate-buffered saline (PBS), which were replaced by 10 mL of 1 % formaldehyde to cross-Iink tissue under 
vacuum infiltration. To quench the cross-Iinker, 0.125 M glycine was added after removal of formaldehyde, fol­
lowed by vacuuming, incubation for 5 min, and tissue-rinsing with 10 mL cold PBS. Cross-Iinked tissues were 
dried on paper towel for nuclei isolation. Sonicated chromatin was immunoprecipitated with 50 IlL/ml anti-GFP 
microbeads (MACS, Miltenyi Biotec Inc.) and incubated for 2 h at 4 oc. The beads were placed in the !l-column, 
in the magnetic field of a !lMACS separator, and washed twice. After reverse cross-linking ofDNA-protein, ChIP 
samples underwent DNA purification according to a previously-described method56, followed by PCR amplifica­
tion with specific primer pairs Iisted in Supplementary Table 1 (Primer Nos 4-38). 

Electrophoretic mobility shift assay (EMSA). EMSA was undertaken, as described earlier57, with minor 
modifications. Unlabeled and digoxigenin (DIG)-Iabeled forward TGAla oligonucleotides were ordered from 
Integrated DNA Technologies. Double-stranded (DS) oligonucleotides were annealed by heating 1 nmol of each 
oligonucleotide at 95 oC for 10 min, then slowly cooled down to 20 oc. DS oligonucleotides were diluted in TEN 
buffer (l0 mM Tris-HCI, pH 8, 1 mM EDTA, pH 8, 100 mM NaCI) to a final concentration of 50 pmol/!lL. Dot 
blotting was carried out by seriai dilutions and spotted on positively-charged nylon membranes to test efficiency 
of the DIG-Iabeled probe. 3 pmol of probe was found to be efficient for detection with anti-DIG primary antibody. 
Gel shift reaction was performed with 3 pmol of DS oligonucleotides and 100 ng of synthetic peptide in binding 
buffer (lOOmM HEPES, pH 7.6, 5mM EDTA, 50mM (NH4)2S04' 5mM DTT, 1% Tween 20 and 150mM KCI). 
After binding reaction at 25 oC for 15 min, the samples were placed on ice for 15 min, and the mixtures were 
electrophoresed immediately through 0.25X TBE 20% polyacrylamide gel at 12.5 volts/cm. Bio-Rad semi-dry 
transfer cells were electroblotted on positively-charged nylon membranes at 25 volts for 10 min. DNA was then 
cross-linked to the membrane by baking at 80 oC for 40 min. For DIG detection, the membranes were blocked 
in TBS (50 mM Tris, 150 mM NaCI, 1 % BSA), followed by 2 washes with TBS for 10 min and 1 wash with TB ST 
(TBS and 1 % Tween 20), then incubated overnight at 4 oC with anti-DIG monoclonal antibody diluted 1:1,000 in 
TBS with 1 % BSA. The membranes were washed 4 times in TBS for 5 min and once in TBST. Finally, the y were 
incubated with HRP-conjugated secondary antibody diluted 1:3,000 in TBST with 5% milk at room temperature 
for 45 min. The membranes were washed 4 times in TBS and once in TBST for 5 min. Bio-Rad's Clarity Western 
ECL blotting substrate was th en applied for detection. EMSA was performed at least 3 times with independent 
dilution of synthetic peptides and freshly-hybridized DIG probe. 

RNA extraction and transcriptome analysis. Total RNA was extracted from 4-days-old A. thaliana 
Mlp124478 stable transgenics and from control plants expressing GFP with the RNeasy Plant Mini Kit (Qiagen, 
Inc.) , according to the manufacturer's specifications. The growth stage (Petri grown 4-days-old seedlings) was 
chosen to avoid variation due to growth cham ber variation or micro-environmental variation, which would 
results in noise in the transcriptome analysis. Control and transgenic plants were extracted in triplicate. Eluted 
total RNA was quantified and sent to the Plateforme d~nalyses Génomiques of the Institut de Biologie lntégrative 
et des Systèmes (Université Laval, Quebec City, Canada) for Iibrary construction and sequencing with the Ion 
Torrent Technology. Differentiai expression was analyzed with green line workflow of the DNA subway in the 
iPlant collaborative pipeline (now CYVERSE) (Cold Spring Harbor Laboratory), including A. thaliana-Ensembl 
TAIR 10 as reference genome. Genes with a Q-value S 0.05 and a fold-change 2: 2 were considered as significantly 
differentially expressed and were further investigated for Gene Ontology (GO) enrichment. The Cytoscape soft­
ware (version 3.1.1)58 with the plug-in Clue GO and CluePedia59 was used to visualize functions enriched among 
deregulated genes. The threshold for GO terms deregulation was set as FDR S 0.05 (Benjamini-Hochberg p-value 
correction). 
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qRT-PCR validation of the transcriptomic analysis. For qRT-PCR total RNA was extracted with the 
RNeasy Plant Mini Kit (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer's instructions. RNA 
quality was assessed by aga rose gel electrophoresis and quantified by spectrophotometry. One !-Lg of each sample 
was reverse transcribed into cDNA with the High Capacity cD NA Archive Kit (Life Technologies, Burlington, 
ON, Can). Quantitative RT-PCR (RT-qPCR) amplification was undertaken with a BioRad Detection system using 
SYBR Green PCR Master Mix (Bioline, London, U.K.) . 100 ng cDNA template and 0.4 !-LM of each primer (listed 
in Supplementary Table 1) (were used in a final volume of20!-L1. The qRT-PCR thermal profile was: 95 oC for 
2 min, 40 cycles of 95 oC for 5 s,58 oC for 10 s, and 72 oC for 5 s. To analyze the quality of dissociation curves, the 
following program was added after 40 PCR cycles: 95 oC for 1 min, followed by constant temperature increases 
from 55 oC to 95 oc. Actin 1 served to normalize ail RT-qPCR results. The expression levels of each gene were cal­
culated according to the L'iL'iCt method60• Three technical replicates for each treatment were analyzed. Standard 
deviation was computed by the error propagation rule. 

Bioinformatics analyses . Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalol) was used to 
align sequences of the nine gene members of the CPG2811 SSP family, which were later manually annotated. 
Phylogenetic trees were generated by COBALT (http://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi). SignalP 
4.0 (http://www.cbs.dtu.dk/services/SignaIPI) predicted signal peptides. NLStradamus (http://www.mose­
slab.csb.utoronto.ca/NLStradamusl) forecast nuclear-Iocalizing signais. Transcription factor-binding sites 
(TFBS) were identified and analyzed with the AthaMap (http://www.athamap.de/search_gene.php)61, Pscan 
(http://159.149.160.88/pscanI)62 andPlantPan(http:/ /plantpan2.itps.ncku.edu.tw/index.html)63 databases. 
Consensus TFBS sequences were retrieved from the Pscan database. Promoter sequences were obtained indi­
vidually with TAIR's SeqViewer (http://tairvm09.tacc.utexas.edu/servlets/sv), and TFBS-specific primers 
(Supplementary Table 1, Primer Nos 4-38) were designed with Primer3Plus (http://www.bioinformatics.nl/ 
cgi-bin/primer3plus/primer3plus.cgi). Gene expression data under different biological conditions were retrieved 
from Genevestigator (https://genevestigator.com/gv/doc/intro_plant.jsp). Protein DNA-binding sites were pre­
dicted by MetaDBSite (http://projects.biotec.tu-dresden.de/metadbsiteI)64.65. 
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