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ABSTRACT

Phytophthora infestanis the most important disease in potato crops. Its control is based on the use of chemical
products that have developed pathogen resistance and high economic and environmentallongakise these
effects, the use of plant varieties or cultivars resistant to this pathogen has been proposed. The aim of this study was
to evaluate the heritability of resistance to this pathogen in a population Gahieum phurejgenotypes. In this
study 1,355 clones with three replicates from 20 families were included in the evaluation. Heritability was assessed in
the broad and narrow senses. Results of the relative area under the disease progress curve varied between 0.08 an
0.64, indicating that the population contains genes that code for resistance. Heritability in both directions (narrow
0.022 and broad 0.255) showed significant differences, indicating an influence of dominance genetic effects and
environmental effects. Thus, to use these genotypes in potato breeding programs, hybridization methods should be
used instead of selection methods.
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INTRODUCTION (Tsedaley2014; Berhar2021) The control of this disease

Potato is considered one of the most important Croﬂgvolves from 10 to 16 applications during the crop cycle,
worldwide, with an annual production of close to 402 milliof€Presenting between 10 and 20% of the production cost

tons (ROSTAT, 2016). Its importance in Colombia lies in the(Haverkortet al, 2009). In addition to these costs, the
fact that it represents food securibesides being an environmental costs generated by using agrochemicals
important link in the economglue to the use of workforce in Must be considered (Fry & Grinwald, 2010; Kromann
cultivation and production, generating about 20 million waged-» 2009; Restrepo & Nustez, 2014). Therefore, the use of
per year (Cotes & Nstez, 2014; Lara & Chaparro, 2017). resistant materials is proposed to correct the consequen-
The production of this crop has mainly beerf€S that the application of chemical products generates
threatened byhytophthora infestan@Vont.) de Bary (Kromannetal.,2011; Lagot al, 2021).
the causal agent of late blight, one of the most critical In this sense, the knowledge of the genes action that
diseases in potato cultivation. This is even more critical @ontrols characteristics of interest is essential in breeding
we consider that the most susceptible cultiva®otdnum programsThis knowledge, howevemust be based on
tuberosumL. and Solanum phurejaluz et Buk to the the evaluation of heritability in the population of interest,
microorganism are the ones that are most widely cultivatég¢termining the similarities between the progenies and
worldwide, generating a gap between potential and refleir parentals. This is a population characteristic that
yields (Forbes & Pérez, 2008; Fry & Griinwald, 2010expresses the ability of a material to transmit a character
Forbes, 2012; Forbes al.,2014). and how it varies due to environmental or genetic factors
If the infection occurs in the early stages of crofCruz & Regazzi, 2001; PoehimarAdlen, 2003; Rualest
development, losses in production can reach up to 808k, 2007; Guilleret al.,2009; Tinjaca, 2010).
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Accordingly, the aim of this research was to evaluate P. infestans severity
the heritability of the resistance Rinfestandn an F1 The severity was established visually using a scale

potato-breeding program of Universidad Nacional dgcale was assigned to evaluate the presence of typical

Colombia. symptoms oP. infestanssuch as brown spots with wet
appearance and the presence of sporulation in the leaves
MATERIALS AND ME_THODS (Fry & Grinwald, 2010). In addition, an inspection of the
Location plant foliage was carried out thoroughly because some of

The evaluation of the heritability of resistancePto the symptoms were not observed in plain sight,
infestanswas carried out in plots located in theunderestimating thefacted area (Forbesal.,2014; CIP
Agricultural Research Station Paysandu of Universida@D14)Weekly evaluations were made (Forbeal.,2014;
Nacional de Colombia — Sede Medellin, located in SanEorbes & Pérez, 2008), beginning 62 days after sowing
Helena, department dintioquia, at an altitude of 2,671 (DAS) and extending until completing 103 DAS, obtaining
meters. During the development of the research workeven evaluation times.
standard agronomical management such as fertilization ) ) o )
and weed control was carried out. Experimental design and statistical analysis
_ The experimental design was established as a

Plant material completely randomized block design with three blocks.

A total of 1,355 individuals from 20 full-sib families of Each block includes 1,355 plots composed of five plants
potato (Bble 1) were obtained in a mesh house througdach, established with a distance of 0.3 m between plants
controlled pollination using the methodology proposednd 0.9 m between hills. The inoculum pressure was
by Grisalest al.(2008).The sexual seed was establisheguaranteed by the establishment of random plots in each
under field conditions of thigricultural Researcht&tion  hill of S. phuejacv. Criolla Colombia (susceptible control
Paysandu to produce mini-tubers. The tubers used faariety).
sowing corresponded to the ones obtained from sexual o
seed. The following eight elite potato cultivars with Susceptibility assessment
different resistance levels @ infestanswere used as Plant susceptibility was evaluated using the relative
parents. Cultivars Criolla Ocarina (Rodriguez & Tinjac&rea under the disease progress curve (AUDPCI). It was
2015) and Criolla Galeras (Rodrigustzal.,2014), show expressed as the ratio between the value of the observed
moderate resistance, genotypes B09-3-8 and 10-126-8 havea under the disease progress curve (AUDPC) and the
high potato blight resistance, cultivars Paola and PrimaverageAUDPC of the neighbor susceptible control
vera show very high resistance to late blight, and cultivavariety at the radiuses of 5, 10, 15, or 20 m obtained through
Violeta and Paysandu have an intermediate resistance lebe kriging method using the inverse distance weighted
to late blight (Cotes & Nustez, 2014). The potato breedirigterpolation. This estimation was performed in the R
program of Universidad Nacional de Colombia providedtatistical program of the R Cofeam of 2016, using the
these materials. gstat package (Pebesma, 2004; Geiler, 2016).

Table 1 Full-sib families established in the stuiifie first name used in the crosses corresponds to the female parent and the second
to the male parent

ID Families Ind ID Families Ind
1 Galeras x Paola 82 11 Paysandu ¥ioleta 44
2 Ocarina x Paola 76 12 10-126-8 x Primavera 60
3 Violeta x Paola (*) 150 13 Paola x Primavera (*) 72
4 Paola »¥ioleta (*) 51 14 Ocarina ®/ioleta (*) 62
5 Primavera x Ocarina (*) 128 15 Paysandu x Paola 95
6 10-126-8 xVioleta 69 16 10-126-8 x Paola 66
7 Primavera ¥ioleta 60 17 Galeras x Primavera 97
8 Violeta x Ocarina (*) 63 18 B09-3-8 x Paola 28
9 Galeras ¥ioleta 55 19 Ocarina x Primavera (*) 19
10 Primavera x Paola (*) 74 20 Galeras x Ocarina 4

(*) Families with direct and reciprocal crossing
Ind: Number of individuals
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Natural logarithm (log transformation of the datawas RESULTS AND DISCUSSION
made to perform de genetic analysis, and the statistical Description of the study population

model used is the following: ]
g The lowest value of the diseased leaf area (DLA) at

log(Y +0,01) =lp+XB+Zla +Z25+e the last evaluation wa%6 recorded in family 10, while the
highest values were observed in the control, with an
average value of 71%, followed by family 19 with an
average value of 38% of the leaf area affected by the
disease (able 2).

whereY is a vector of size nx1 of observations, with
being the number of observationfDPCr, 1is a vector
of size nx1 with every element equal to unitis an overall
meana is a vector of size px1 of fixed effects, witheing

the number of levels of the fixed effects of the blacig Thefe Ires(l;I.tsd.shct)wtr:hftrs]usc;egtlble plertf.orman(t:e. of
a vector of size gx1 of random additive genetic effects g?e controfand indicate that the study population contains

the individual, withq being the number of individuals in resistance genes that maintained a low severity response
the pedigree, and is a vector of size dx1 of dominantOf the disease, even at the end of the crop cycle.

genetic random effects of the individual, witbeing the The family that' showed the highest proportion ‘?f
number of individuals in the pedigre¢, Z,, andZz, are progeny with severity equal to zero corresponds to family

incidence matrices that relate the observations with tH (7% Of the population without |r'1fect|0n). On the_ other
fixed, genetic breeding value and genetic dominant effecg"?‘nd’ famlly 13 showed the highest proportion of
respectivelyandeis a vector of size nx1 of residual randonP€NOtyPes with an affected leaf area between 0% and 5%
effects. The random effects have variantg 02, ando?, ~ (85% of the population in this scale range).

for breeding value, genetic dominant, and residual effects, N the ranges 5% to 30% and higher than 30% of the
respectively average leaf area affected by the disease, family 20

presented the highest average percentage of individuals
Resistance heritability to P. infestans (75% and 25%, respectively), followed by the control with

TheAUDPCr variable was used to calculate heritability 17 ofothe individuals with a DLA t())etween 5 and 30%
in the broad sense @ heritability in the narrow sense and 24% with DLAhigher than 30%. Converselin

(h?), and the ratio between the additive and the dominaﬁ"TW‘ilies 4,10,12,13, 14, and 19, no individuals are reported
variancesAdditionally, the expected response for indivi-I" the category between 30 and 100% of the leaf area

dual selection and half-sib and full-sib families wa&ffected by the disease.

estimated. For individual selection, the equafonih? The experimental results allow concluding that a good
o was used. For the sib family selection, the foIIowin&isease level was reached on the field experiment due to
eqpuation was used (Falconer & Magra996): severity level variations between zero (0) and 100% of the

affected leaf area found in the population. It was also

R= ihzst,%M possible to observe in the susceptible control cultivar
V[l +(n - 1)] high levels in the severity scale. On the other hand, 96%
wherer is 0.25 for half-sibdmilies and 0.5 for full-sib ©f the clones were affected in 30% or less of the leaf area.
families, n is equal to 100 individualst is the It is noteworthy that the results of this research with
710% values of zero disease incidence should show that families

intraclasscorrelation obtained %m and contain individuals with genes that code for vertical

TR resistance to the pathogen like that expressed by Grisales
t:LTGDz for half-sib and full-sib families & Cotes (2018). Thus, in this population, the characteristic
6_5 +0h+ of . i of resistance to the pathogen is inherited by the progeny
selection methods, respaaly, andi is the selection allowing the use of the parents in potato plant breeding

intensity (selection differential in standard measure). programs by hybridization as expressed by Z(ig.
The analysis was performed in the R statisticgbooo) and Oroaz(2012).

program of the R Coream of 2016, using the MCMCglmm

package (Hadfield, 2016). The Bayes estimates used AUDPCr

correspond to the median and the mean of the posterior The mearAUDPC value concerning the susceptible
distribution of the parameteand subsequentlyts  check cultivar is between 0.08 and 0.644{E 2), so the
respective highest posterior density (HPD) interval of 95%iones evaluated show higher resistance to the disease
probability was obtained. For this purpose, the CODBompared to the control, except for family 20.

package was used (Plumnetal.,2015). Finallya matrix Bisognin (2002) suggests a susceptibility classification
associated with the genetic effects was constructed usigthe clones as follows: clones wilUDPCr values
the nadiv package (Borregaatil.,2014). between 0.0 and 0.20 can be considered highly resistant,
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Table 2 Mean values, standard deviation (SD), andfeneft of variation (CV) for late blight severity at the last evaluation, percentagieofeaf individuals for the disease according to the
severity scale used, and relative area under the disease progress curve (AUDPC) in relation to the susceptible check cultivar in the families evaluated

ID Eamilies Severity Percentage of progeny AUDPCr
Mean SD Ccv 0 >0-5 >5-30 > 30 - 100 Mean SD CcVvV

1 Galeras Paola 17.24 13.85 80.33 1.23 45.87 51.97 0.93 0.20 0.19 92.85
2 Ocarina Paola 18.88 14.98 79.35 3.03 49.66 44.28 3.03 0.31 0.41 131.76
3 Violeta Paola 12.31 11.99 97.44 2.76 65.83 30.84 0.56 0.13 0.19 148.54
4 Paola Violeta 13.96 12.20 87.38 0.00 68.43 31.57 0.00 0.10 0.08 78.29
5 Primavera  Ocarina 20.33 16.52 81.28 1.48 38.05 55.76 471 0.33 0.37 110.89
6 10-126-8 Violeta 16.26 13.77 84.71 3.50 57.93 37.34 1.22 0.18 0.25 142.02
7 Primavera  Violeta 17.65 16.11 91.28 0.00 61.49 37.92 0.60 0.18 0.17 98.58
8 Violeta Ocarina 17.89 10.76 60.16 0.00 50.80 48.19 1.01 0.19 0.20 100.41
9 Galeras Violeta 22.40 14.82 66.18 0.00 27.10 69.87 3.03 0.28 0.26 91.98
10 Primavera Paola 7.56 7.40 97.95 2.96 79.04 18.01 0.00 0.10 0.13 133.31
11 Paysandlu Violeta 12.14 13.03 107.34 3.70 65.94 29.48 0.88 0.10 0.20 186.15
12 10-126-8 Primavera 8.17 5.60 68.64 0.63 82.73 16.64 0.00 0.09 0.07 81.01
13 Paola Primavera 7.76 6.80 87.65 3.06 84.56 12.38 0.00 0.08 0.09 102.27
14 Ocarina Violeta 16.01 9.13 57.06 2.94 52.28 44.78 0.00 0.15 0.12 78.21
15 Paysandu Paola 12.53 13.06 104.23 1.35 67.93 30.36 0.36 0.14 0.18 131.06
16 10-126-8 Paola 12.80 14.50 113.24 6.75 61.94 28.19 3.12 0.19 0.29 151.73
17 Galeras Primavera  14.21 10.90 76.73 3.41 46.64 49.52 0.42 0.14 0.16 120.92
18 B09-3-8 Paola 16.58 18.40 111.00 3.70 48.91 44.71 2.67 0.15 0.20 134.69
19 Ocarina  Primavera 12.17 6.74 55.40 0.00 50.00 50.00 0.00 0.14 0.12 85.67
20 Galeras Ocarina 37.50 23.63 63.01 0.00 0.00 75.00 25.00 0.64 0.52 80.31
Overall population 14.56 13.30 91.37 - - - - 0.17 0.23 136.00
Check susceptible variety 71.00 17.49 24.63 0.00 5.88 70.59 23.53 - - -
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genotypes withPAUDPCr between 0.21 and 0.56 areexpressions showed statistically significant differences
moderately resistant, and the ones considered susceptiiable 3).

correspond to those wiklUDPCr values higher than 0.56.  The heritability values should be classified as low if
Hence, 80% of families evaluated in this study should halues are lower than 0.25, medium or moderate when these
classified as highly resistant to the disease, and ordye between 0.25 and 0.50, or high if values are higher
families 2, 5, 9, and 20, as moderate resistant. Thigan 0.50 (Rualest al, 2007). Thus, the heritability in the
population studied in this research has genes of resistapopulation assessed in the narrow sense or additive
to late blight, but considering that some of the desceheritability (7)), with a mean value of 0.0227, is considered
dants reached highUDPCr values, it could be expectedlow. On the other hand, the heritability in the broad sense
that the population also possesses a few recessive gemegenetic heritability (A, with a value of 0.25511, is

for resistance. considered medium or moderate.

o ) ) Regarding the heritability of resistance characteristic
Heritability of the resistance to P. infestans to P. infestansin tetraploid potatoes under field
The results of this study indicate that the heritabilitgonditions, an Pivalue of 0.79 was reported; meanwhile,

parameter of the population of interest in each of thefiér 2, a value of 0.78 was registered (Hayeiesl.,2007).

Table 3 Narrow- and broad-sense heritabjligtimated variance components, and 95% highest posterior density (HPD) intervals
for theAUDPCr variable in the study population

Estimated parameters Bayes estimates HPD 95%
Mean Median Lower Upper

Additive variance @) 0.00587 0.0014 < 0.0001 0.09145
Genetic variances?, + 02) 0.05911 0.05933 0.03974 0.07713
Variance of the erroot) 0.18928 0.18917 0.17636 0.20222
Additive heritability (1) 0.02274 0.00553 < 0.0001 0.09145
Genetic heritability (B 0.25511 0.25465 0.20144 0.30915
Additive/Dominant relation 0.11811 0.02259 < 0.0001 0.51336
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Figure 1: Expected response for the area under the disease progress curve relative to the susceptible check cultivar under different
selection methods for the study population. Results are presented as the relative area under the disease progress curve (AUDPC).
Solid lines show the Bayes estimate and dashed lines display the highest posterior density at 95%.
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On the other hand, in diploid potatoes, narrow-sense About 96% of the clones were affected in 30% or less
values of 0.78 and broad-sense values of 0.79 have beéthe leaf area, indicating high resistance in the evaluated
found (Haynes & Christ, 2006), Costangbal. (2004) clones.

report in the broad sense, a heritability value in diploid \pjith a value of 0.022. the heritability in the narrow

potatoes of 0.67. o . sense is considered lpwhile the heritability in the broad
These studies show a significant genetic componennse with a value of 0.255 is deemed average, indicating

allowing to establish potato breeding material based Qfat phenotype variations are due to dominant effects in
selection methods. This is because, in this population ;jfa study population.

is possible to transfer the characteristic of interest to the _ .
new generations that can guarantee selection succ?ssIn the study population, the process of plant_ pree_dlng
(Haynes & Christ, 1999; Orozes al.,2013). Howeveiin or resistance to. Fhfestans shquld focus on hybridization
the population used in this research, it is not possible rt%therthan selection of materials.

obtain gain in the genetic improvement processes
selection methods. Furthermore, the additive gene':%\(CKNOWLEDGEMENTS’ FINANCIAL

variance was likely exhausted, but it is also possible UPPORT,AND FULL DISCLOSURE

include these parents in genetic improvement processes The authors wish to thank all those persons that

through hybridization methods. participated in the development of this study (Mauricio
According to Poehiman &llen (2003), a characte TorrenegrayivianaTorrenegrayhon Grajales, and Diego

ristic such as resistance to diseases is highly influencé@to). Moreoveralso to Universidad Nacional de

by the environment, presenting low heritabilijistez Colombia, Sede Medellin and to Corporacion Colombiana

(2011) expresses that the heritability results are due dé Investigaciodgropecuaria (AGROSWA) - Centro

the genetic variation in the population and the envie Investigacion La Selva. This research received no

ronment where the crop grows. Just as the results of tiggternal funding. There is no conflict of interest between

study in terms of heritability in the broad sense fotthe authors in the publication of this work.

resistance td®. infestansin diploid potatoesTinjaca

(2010) reports values of 0.40, and in the narrow sensB,EFERENCES

values of 0.13, indicating that in the study populatiorBerhan M (2021) Review on epidemiologsampling techniques,

there is a strong influence of non-additive effects on theManagement strategies of late bligRhytophthora infestans

. of potato and its yield lossAsian Journal ofAdvances in
characteristic assessed. Research. 7:09-17.

Conadgnng that the he_mablllty values in the broagisognin D, Douches D, Jastrzebski K & Kirk W (2002) Half-sib
sense obtained have the highest value (0.255) comparegkogeny evaluation and selection of potatoes resistant to the
with the heritability in the narrow sense (0.022), it is US8 genotype oPhytophthora infestanfrom crosses between
possible to conclude, in agreement with Moncayal. resistant and susceptible parents. Euphytica, 125:129-138.
(2019), that in the study population phenotypica‘?o”egaard M, Rahbek C, Fjeldsaa J, Parra J, Whittaker R & Graham

e d domi N ff d C (2014) Node-based analysis of species distributions. Methods
Val’latIC.)I?S are due to (?mlnance g?netlc effects an nopn ecology and evolution5:1225-1235.
to addmve effects. _ThIS .was confirmed by_ _the re_sunélP (2014) Procedimientos para pruebas de evaluacion estandar
Obta|ned fOI’ the I’e|atI0nShIp betWeen the add|t|ve Var'ancede clones avanzados de papa. Lima’ Centro Internacional de la
and the dominant variance with a value of 0.11. papa. 152p.

Great efforts should be made in selection pressuretestanzo S, Christ B & Haynes K (2004) Late blight resistance in
achieve a low genetic advance (Figure 1), which may bea diploid full-sib potato family Plant Breed,123:377-381.
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recomm_ended _fqr th_e population under shstipuld use _Cruz C & RegazziA (2001) Modelos biométricos aplicados ao
parents in hybridization program rather than the selectionmelhoramento genético# 2d. Vigosa, Editora UFV309p.

of individuals. Falconer D & Macray T (1996) Introduction to quantitative
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0
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in the severity scale. Research, 55:205-216.
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