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The Pisum genus has only one recessive gene
for powdery mildew resistance
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Powdery mildew resistance (PMR) in pea displays severd interesting aspects. In a great mgjority of plant
species, powdery mildew resistance is controlled by a dominant alele and, therefore, stands a chance of
breakdown through mutation of the gene(s) into recessve state. In pea the resistance is produced by a
recessive allele, and reversion of recessive aleles to dominant aleles is not known in plants. Moreover, point
mutations revert very rarely even in microbial systems, and recessive mutations caused by deletions have no
possibility to revert. The recessive gene for PMR in pea is very stable in its action over time and space and
imparts resistance against al forms of the Erysiphe pisi fungus. Most importantly, there appears to be only one
locus for PMR in the various taxa within the genus Pisum, which is the subject of the present discussion. The
situation is qualitatively different from other plants where this trait is under multigenic control.

Although the firg publication on the genetics of PMR of pea appeared in 1925 (2), it was Harland (3)
who convincingly demonstrated the monogenic recessive nature of the trait two decades later. Heringa et a.
(4), on the other hand, concluded PMR to be under the control of two unlinked recessive genes. Severa
other studies (e.g. 7, 15, 16) reported multigenic control of this trait. However, such conclusions were
generaly not convincing, sometimes self-contradictory (7, 15), sometimes based on vague generalizations.
Basad on the two-gene theory, the genes proposed were erl (the original Harland's) and er2. Over a period of
25 years of pea breeding for PMR, we never observed anything other than the monogenic nature of this
character. What could be the reason? The situation can be reviewed on the basis of experience and the
information generated from Ph. D. programs (1, 5, 6, 10, 11) and other studies (12, 13, 14, and unpublished).

It was found that PMR has both quantitative and qualitative expression simultaneously, which causes
erroneous scoring in a segregating population, leading to variable F, ratios. It was noticed long ago that the
recessive gene alows a certain degree of funga growth on the PMR genotypes, which however is restricted to
the foliage, i.e. leaves and stipules. In the Indian plains during winter, such infection is very sporadic, highly
unpredictable, and extremely variable depending on climatic conditions, genotypic constitution, and age of
plants. The fungus becomes apparent only toward the end of plant life. High humidity in combination with
warm days and cooler nights favors funga growth, early varieties catch infection earlier, and old plants
succumb to the onslaught of the fungus while young plants of the same genotype remain infection-free even
up to flowering stage in the same conditions (observations in summer crop at Lahaul). The fungd growth on
the foliage of PMR genotypes has quantitative expression at different locations, in different crop seasons, and
on different days of the same season as the crop advances.

The qualitative aspect of the infection is that whatever the degree of funga growth on the foliage of PMR
plants, the stem, peduncles, and pods are totally free of infection (Fig.l). Another qualitative difference is
that the epidermal tissue even in the fungus covered aress of leaves in the PMR plants remains healthy under
the mycelial cover and does not turn brown, whereas the infected surface of PMS genotypes becomes black by
the time the plants mature. The leaf surface exposed after wiping the funga coat from the leaves of PMR
plants is normal and healthy as if it had no infection (Fig. 2). The distinction between PMS and infected
PMR plants is unmistakable even when the crop is dried. Dry plants of PMR genotypes look clear white while
those of PMS strains become blackish with sickly appearance. Such infection causes no economic losses in
the PMR strains despite severe fungd growth on the foliage of green plants. If fungicida sprays are used to
keep plants disease free, no perceptible change in the productivity of PMR cultivars is observed while the
grain yields of PMS strains increases nearly 15 fold (12). The grain quality of the susceptible genotypes also
improved to normal level.
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Fig. 1. Growth of Erysiphe pisi on the plants of powdery mildew susceptible (left) and resistant (right) plants.
Intensity of fungal growth on the foliage of both plants being almost similar, the stem, peduncles, and pods of the
resistant plant are totally free of infection.

Fig. 2. Effect of powdery mildew infection on the leaves of PMR plahts. Left—thick and uniform fungal growth
covering the foliar surface. Fungus partially wiped off the ventral (middle) and dorsal (right) surfaces of leaves and
stipules. Note the healthy tissue exposed despite heavy infection.
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The uncertainties associated with disease development in the plains are eliminated when pea strains are
grown during summer in the Lahaul Valey of Himachal Pradesh in high Himalayas (altitude about 4000 m)
where the nights are cool, days warm, and rainfall more than during winters in the plains. The location serves
as a hotspot for powdery mildew in pea, lentil, wheat and other crops. It occurs universally in high intensity,
and the PMR genotypes dways develop fungus on the foliage to variable degree. This facility has been utilized
to confirm the PMS/PMR status of doubtful genotypes, as there are chances of error in the plains in the crop
seasons of low intensity or late development of the disease. The genetic andlysis for Er in al our studies wes
done distinguishing the PMR and PMS plants on the bass of infection on the stem, peduncles and pod,
ignoring the funga growth, whatever its intensity, on the foliage. The results of a series of studies summarized
here do not support a digenic model for PMR in pea.

Data of five crosses (1) were anayzed for monogenic, two patterns of digenic, and trigenic segregations
(Table 1). Deliberately, the disease scoring was done on a 5-point scale following the procedure usualy adopted
in field, which is based on gross visual assessment. This approach contains an inherent risk of misclassification
between grade 1 (resistant) and grade 2 (susceptible) which, like any neighboring grades, are prone to subjective
evaluation of individual plants in a segregating population. The problem will be further compounded if the
parents differ in maturity duration and the F, plants are in awide range of developmental stages at any point of
crop growth. The early PMR segregants with higher funga intensity on foliage are more likely to be placed in
the susceptible range. With such errors, even if rare, the chances of observing different segregation ratios
increase. As can be seen from the results presented in Table 1, the F, data do not fit any of the four ratios of
monogenic, digenic, and trigenic sgregation. Any ratio could have been obtained in such a situation.

Table 1. Segregation in the F, population of five crosses scored for powdery mildew infection on 1-5 point scae
(Grades. 1—resigtant; 2-5—susceptible with varying degree of disease intensity)

F2plants Ratio 3:1 Ratio 15:1 Ratio 9:7 Ratio 63:1

Cross(Rx S Tota S R )(2 P X2 P X2 P X2 P
Mexique 4 x Type 163 402 368 34 58.7 <0.01 334 007 2035 <001 1243 <0.01
Tarax Type 163 140 126 14 168 <001 336 007 648 <001 648 <001
DMR 11 x Type 163 256 235 21 385 <001 167 020 1314 <001 734 <0.01
DMR 11 x Pusa 10 97 86 11 9.7 <001 429 004 414 <001 603 <0.01
S 143 x Type 163 321 311 10 820 <0.01 538 002 2154 <0.01 50 <0.01
Pooled over 5 crosses 1216 1126 90 2009 <0.01 275 010 6258 <0.01 2695 <0.01

With this experience, screening for PMS-PMR reaction was thereafter done on the bass of fungd
infection on the stem, peduncle, and pods. Analysis of a pooled population of 41,277 plants (Table 2), which
included observations recorded at Delhi aswell as Lahaul, resulted in a near-perfect segregation into 3: 1 ratio
(31,101 S: 10,176 R).

Table 2. Segregation for powdery mildew resistance in different studies

F, segregation

Author No of crosses  Tota F; plants S R v2(2:1) P

M.D. Gupta 78 9173 6911 2262 o577 0.45
K. Sarda 35 5650 4296 1354 3.23 0.07
S. Rakshit (Fy) 2 142 106 36 0.67 0.41
S. Rakshit (F; progenies) 2 1742 1312 430 0.09 0.76
P. Janila 10 3135 2356 779 0.04 0.90
Y K. Kda 43 19906 14984 4922 0.80 0.38
B. Shama 17 1529 1136 393 0.40 0.53
Tota 147 41277 31101 10176 2.65 0.01
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The progenies of eleven test-crosses (Table 3), without exception, segregated in 1 S: 1 Rratio (1), which
aso confirms the monogenic inheritance of PMR. Nonsignificant heterogeneity x? alows us to pool the data of
the crosses. Segregation of the pooled back-crossed population into 201 susceptible and 190 resistant plants (x* =
0.31, P = 0.58) provides strong support to this conclusion. All the sx PMR strains used in this study were
developed at or collected from different centers in India (DMR 11, HUP 5, HFP 4), Canada (Tara), UK. (S
143), and Mexico (Mexique 4) and do not share pedigree. In al probability, they had different parents as the
PMR donor. In the present context, Mexique 4, a strain collected from nature in Mexico, is of greatest
relevance. It was used by Heringa (4) to propose two-gene control of PMR. However, pooled analysis of the test-
crosses of Mexique 4 with four different PMS cultivars resulted in segregation with a very good fit to 11 ratio.
The total population of 143 plants segregated into 74 S and 69 R back-crossed plants[x? (1 : 1) = 0.175]. This
result istoo far avay fromthe 1 S: 3 Rratio (36 S : 107 R) expected if o genes with independent assortment
were involved in causing powdery mildew resistance in pea. Four crosses of Mexique 4 with the four totally
unrelated PMS strains (Pusa 10—developed through hybridization at I1ARI in the late seventies, Type 163—a
loca selection from farmers field, under cultivation in India since the fifties, KPSD 1—Russan variety
Flavanda, and PG 3—a cultivar evolved at the Punjab Agricultural University, Gurdaspur, India) segregated
into 561 Sand 195 R (1). Nonsignificant x* (0.25 , P = 0.60) for 3 S: 1 R ratio aso confirms monogenic nature
of PMR trait in Mexique 4. Obviously, any conclusion other than monogenic control of PMR is a result of
erroneous classification of the F, populations. Fungd growth on the foliage of PMR plants ap-pears to be soldy
responsible for such error. Enough indication to this effect is available even in the present sudy (Table 1).

Table 3. Segregation for powdery mildew resistance in test-crosses [(R x S) x R] of pea

No.ofplants ————— _Retiol:l

Test-cross S R X P

(DMR 11 x Pusa 10) x DMR 11 11 9 0,20 0.66
(DMR 11 x Type 163) x DMR 11 18 15 0.27 0.60
(Mexique 4 x Pusa 10) x Mexique 4 7 10 053 0.47
(Mexique 4 x Type 163) x Mexique 4 25 27 0.08 0.78
(Mexique 4 x KPSD 1) x Mexique 4 14 10 0.67 041
(Mexique 4 x PG 3) x Mexique 4 28 22 0.72 0.40
(Tarax Pusa 10) x Tara 10 12 0.18 0.67
(Tarax Type 163) x Tara 28 24 0.31 0.58
(HUP5 x Type 163) x HUP5 23 26 0.18 0.67
(S 143 x Type 163) x S 143 8 12 0.80 0.37
(HFP 4 x Type 163) x HFP 4 29 23 '+ 0.69 041
Pooled over 11 test-crosses 201 90 0.31 0.58
Heterogeneity x* (10 d.f.) 4,32 0.93

Complementation analysis was aso carried out by Gupta (1) using 23 PMR strains of different origin in
45 crosxes (Table 4). The results convincingly demonstrate total absence of genetic complementation. The
isolated plants marked as PMS do not suggest complementation in F; or segregation in F,. Such erroneous
classification of plants only confirms that even the experienced worker may fal to identify al the plants
correctly in a segregating population, especialy under heavy funga growth on the foliage of resistant plants.
These observations aso confirm that correct conclusions are generally obtained, despite sporadic mistakes, if
F, screening is done with proper understanding about the nature of PMR imparted by the recessive gene er in
pea.
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Table 4* Complementation for powdery mildew resistance in pea.

DMR 11 Mexique 4 (Mexico) 51 1 293 3
DMR 11 S 143 (John Innes, UK) 48 1 593 7
DMR 11 Tara (Canada) 38 0 613
DMR 11 P 1422 (Skkim, India) 20 0

DMR 11 HFP 4 (Hisar, India) 35 0 129
DMR 11 HUP 5 ( Varanasi, India) 39 1 124
DMR 11 SKL 43 (Delhi, India) 29 0 79
DMR 11 P 1687 (Pl 162567) 24 0

DMR 11 KRTP 2 (Kanpur, India) 40 0 82
DMR 11 Rachna (Kanpur, India) 35 0 152
DMR 11 Pant P 5 (Pantnagar, India) 30 0 268
DMR 11 JP 4 (Jabalpur, India) 35 0 129
DMR 11 KPMR 85 (Kanpur, India) 40 0 120
DMR 11 JP 179 (Jabalpur, India) 39 0 112
DMR 11 KPSD 3 (Kanpur, India) 35 0 191
DMR 11 PH 1393 (Delhi, India) 35 0 214
DMR 11 P 1542 (Germany) 29 1 66
DMR 11 P 1440 (Delhi, India) 37 0 810
Mexique 4 S143 46 1 253
Mexique 4 Tara 30 0 602
Mexique 4 P 1422 18 0

Mexique 4 HFP4 30 0

Mexique 4 HUP5 28 0

Mexique 4 SKL 43 41 1

Mexique 4 P 1687 27 0

Mexique 4 KRDP 12 31 0

Mexique 4 P 1406 29 0

Mexique 4 PH 1393 25 0

Mexique 4 P 1562 (Bangalore, India) 29 1

Mexique 4 JP 179 35 0

S 143 Tara 34 1

S 143 P 1422 15 0

S 143 HFP4 18 0

S 143 HUP5 36 1

S 143 SKL 43 23 0

S 143 P 1687 20 0

S 143 P 1406 27 1

Tara HFP4 36 0

Tara HUP5 31 0

Tara SKL43 35 1

Tara P 1687 25 0

P 1422 P 1687 37 0

HFP 4 HUP5 18 0

HFP 4 P 1687 40 0

HUP5 P 1687 14 0

XL 43 P 1687 22 0

— indicates F, not screened.
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The hypothesis suggesting a digenic nature to PMR in severa reports were never confirmed by a critical
test. Marx (8, 9) obtained monogenic segregation for PMR but published conflicting reports about its map
position. Initialy (8), he placed Er on chromosome 3, and finally (9) concluded the mapping of this gene to
be "elusive" while simultaneously questioning the existence of the polymeric gene Er2. It is now clear that the
screening procedures,, and not the gene itsdf, have been the real cause of "elusion”. The gene was ultimately
mapped on chromosome 6 (11), and tagged with molecular markers (5, 10, 17, 19).

The putative Er2 gene has not been mapped even dfter twenty four years since its existence was suggested.
Tiwari et al. (18) concluded two-gene control of PMR under different growing conditions. However, the
authors were not able to locate the second gene, although they successfully tagged Erl on chromosome 6.
Very recent studies (13, 14) have reveded that only one gene for powdery mildew resistance appears to be
operating in the genus Pisum. These results suggest that there is nojustification for maintaining two gene
symbals for the PMR trait, and the original symbol Er/er proposed by Harland (3) must be treated as valid. Its
recessve nature imparts great stability of expression under diverse conditions over time. It would be
interesting to analyze the molecular changes involved in the multiple aleles of different origin. Even more
important is to understand how a nonfunctional (or malfunctioning) recessve gene initiates a chain of
metabolic reactions that result in a near-perfect protection of the plant from a deadly fungus throughout the
world.
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