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Resumen

La Judia (Phaseolus vulgaris L.) se origind en el continente americano,
especificamente en la zona mesoamericana, y su domesticacion se produjo de forma
independiente en el area mesoamericanay la zona andina, dando lugar a dos acervos
genéticos bien diferenciados. También se observé que las poblaciones silvestres
andinas se originaron a partir de solo unos pocos miles de individuos de las
poblaciones silvestres mesoamericanas, lo que produjo un gran cuello de botella en
la formacion de la poblacion andina. Durante siglos de cultivo en la Peninsula Ibérica
después de su introduccion en el siglo XVI, las judias se adaptaron a nuevos entornos,
evolucionando numerosas variedades locales.

Se evaluaron cultivares espanoles locales de Phaseolus lunatus (frijol lima) y
su resistencia a la salinidad, en dénde se expusieron las plantas a varios tratamientos
de sal, con el fin de evaluar el efecto de la salinidad en el crecimiento y el rendimiento
del cultivo. Se determinaron parametros de crecimiento y bioquimicos. Y se observo
gue el estrés salino redujo el peso fresco de los 6rganos aéreos, lo que permitid
clasificar los cuatro genotipos segun su tolerancia a la salinidad. La concentracién
de los pigmentos fotosintéticos no presentd variacion, excepto en los carotenoides
que se redujeron en el cv menos tolerante a la sal (cultivar) VPH-79. Las
concentraciones de Na+t y Cl- de las hojas aumentaron con el aumento de la
concentracion de sal, la concentracién de K+ no fue significativa en el cultivar mas
tolerante 'BGV-15410', la relacion K+/Na+ sufre una reduccién sélo en los cultivares
BGV-12848 y BGV-1588. Ademas, la prolina aumenté en todos los cultivares, mas
notablemente en el cv. VPH-79, con las concentraciones absolutas mas altas
registradas en los cultivares mas tolerantes a la sal. Curiosamente, estos cultivares
ya tenian una concentracion de prolina relativamente mas alta en plantas no
estresadas. Estos hallazgos indican que P. /unatus es moderadamente tolerante a la

sal y que sus principales mecanismos para adaptarse al estrés salino son el



mantenimiento de altas concentraciones de K+ y la acumulaciéon de prolina en las
hojas.

Por otra parte, se analizaron en invernadero 24 genotipos locales de P. vulgaris
de Espana durante dos temporadas consecutivas. De cada genotipo, se cultivaron
cinco plantas y se caracterizaron (17 rasgos cuantitativos y 15 cualitativos) utilizando
los descriptores del IBPGR. Los datos se analizaron estadisticamente mediante
analisis de varianza (ANOVA), analisis de componentes principales (PCA) y analisis de
conglomerados. Los resultados obtenidos indican una alta variabilidad para la
mayoria de los rasgos, especialmente los relacionados con el rendimiento y sus
componentes. El PCA y el analisis de conglomerados separaron las variedades locales
de acuerdo con el color de la semilla, el rendimiento y los rasgos de la vaina y la
semilla relacionados con el rendimiento. Numerosos rasgos exhibieron interacciones
entre el genotipo y el medio ambiente. La mayoria de las accesiones alcanzaron
mayores rendimientos en primavera, en la que la radiacion solar favorece la
fotosintesis y, en consecuencia, la fotoasimilacion.

Ademas, se analizaron las respuestas a los tratamientos por déficit hidrico y
estrés salino, en cuanto a inhibicion del crecimiento y contenido de prolina foliar
(Pro), en 47 genotipos de Phaseolus vulgaris de diferentes origenes. Se realizé un
analisis de varianza bidireccional (ANOVA), correlaciones de Pearson y andlisis de
componentes principales (PCA) en todos los caracteres medidos, para evaluar las
respuestas generales al estrés de los genotipos investigados. Para la mayoria de las
variables de crecimiento analizadas y Pro, los efectos del cultivo, el tratamiento y sus
interacciones fueron altamente significativos (p<0.001); los rasgos morfoldgicos de
las raices, el diametro del tallo y el nimero de hojas se debieron principalmente a
una variaciéon incontrolada, mientras que la variacion del peso fresco y el contenido
de agua de los tallos y las hojas fue inducida claramente por el estrés. Bajo las

condiciones experimentales, los efectos promedio del estrés salino sobre el



crecimiento de las plantas fueron relativamente mas débiles que los del déficit
hidrico. En ambos casos, sin embargo, la inhibicion del crecimiento se reflejé
principalmente en la reduccion inducida por el estrés del peso fresco y el contenido
de agua de los tallos y las hojas. Pro, por su parte, fue la Unica variable que mostré
una correlacion negativa con todos los parametros de crecimiento, pero
particularmente con los de tallos y hojas mencionados anteriormente, como lo
indican los coeficientes de correlacion de Pearson y los PCA. Por lo tanto, en la judia
comun, una mayor acumulacién de Pro inducida por el estrés se asocia
inequivocamente con una mayor inhibicién del crecimiento; es decir, con una mayor
sensibilidad al estrés del cultivar correspondiente. Se propone el uso de Pro como un
marcador bioquimico adecuado para examenes simples, rapidos y a gran escala de
genotipos de judia, para excluir los mas sensibles, aquellos que acumulan
concentraciones mas altas de Pro en respuesta a tratamientos de estrés hidrico o
salino.

Asimismo, se han analizado las respuestas a la salinidad en seis cultivares de
judia comun: cuatro variedades locales de Espana y dos lineas experimentales de
Cuba. La prolina fue usada para clasificar la tolerancia de los cultivares, lo que
confirma un estudio anterior que inform6é como mas tolerantes al estrés dos de las
variedades locales espafolas. Las concentraciones de azuUcares solubles totales
variaron con los tratamientos y entre los genotipos, pero fue dificil evaluar su papel
en la tolerancia al estrés de las plantas analizadas. La concentracién de sodio en hojas
fue la mas baja en uno de los dos cultivares resistentes a la sal, y el potasio no varié
ni aumento bajo estrés salino en todos ellos, excepto en el mas sensible, donde se
registréd una caida de este cation por debajo de 150 NaCl mM. Los cambios en el
contenido de malondialdehido (MDA) no indicaron peroxidacion de la membrana
inducida por sal como resultado del estrés oxidativo secundario; en consecuencia,

no se detecté acumulacion de compuestos fendlicos totales y flavonoides, como



mecanismo de defensa antioxidante. Estos resultados destacan la confiabilidad del
uso de prolina como marcador bioquimico del estrés salino en judia y la importancia
del mecanismo relacionado con el transporte de potasio a las hojas para conferir

tolerancia al estrés a algunos cultivares de judia.



Abstract

Bean (Phaseolus vulgaris L.) originated in the American continent, specifically
in the Mesoamerican zone, and its domestication occurred independently in the
Mesoamerican area and the Andean zone, giving rise to two well-differentiated gene
pools. It was also observed that the wild Andean populations originated from only a
few thousand individuals of the wild Mesoamerican populations, which produced a
large bottleneck in the formation of the Andean population. During centuries of
cultivation in the Iberian Peninsula after their introduction in the 16th century, beans
adapted to new environments, evolving numerous landraces.

In this study was also evaluated the resistance to salinity of local Spanish
cultivars of Phaseolus lunatus L. (lima bean). Plants were subjected to various salt
treatments and growth and biochemical parameters were determined. It was
observed that salt stress reduced the fresh weight of aerial organs, which allowed us
to classify the four genotypes according to their tolerance to salinity. The
concentration of most photosynthetic pigments remained unchanged, except for
carotenoids which were reduced in the least salt tolerant cv. (cultivar) VPH-79. Leaf
Na+ and Cl- concentrations increased with increasing salt concentration of irrigation
water, but K+ remained constant, as in the most tolerant 'BGV-15410", or increased
in the other cultivars, resulting in an unchanged K+/Na+ ratio under stress in two of
the selected cultivars. In addition, proline increased in all cultivars, most notably in
cv. VPH-79, with the highest absolute concentrations recorded in the most salt
tolerant cultivars. Interestingly, these cultivars already had relatively higher proline
concentration in unstressed plants. These findings indicate that P. /unatus is
moderately salt tolerant and that its main mechanisms for adapting to salt stress are
the maintenance of high K+ concentrations and proline accumulation in leaves.

In studies conducted in this research project, 24 landraces of P. vulgaris from

Spain were analyzed under greenhouse conditions during two consecutive seasons.



From each genotype, five plants were grown and characterized for 17 quantitative
and 15 qualitative traits using IBPGR descriptors. Data were statistically analyzed by
analysis of variance (ANOVA), principal component analysis (PCA) and cluster
analysis. The results obtained indicated high variability for most of the traits,
especially those related to yield and its components. PCA and cluster analysis
separated landraces according to seed color, yield, and yield-related pod and seed
traits. Numerous traits exhibited genotype-environment interactions. Most
accessions achieved higher vyields in spring when solar radiation favors
photosynthesis and, consequently, photoassimilation. The different response to the
changing environment of the set of accessions studied in the present work is of great
interest and can be exploited in breeding cultivars adapted to a wider range of
environmental conditions.

On the other hand, this study analyzed the responses to water deficit and salt
stress treatments, in terms of growth inhibition and leaf proline (Pro) content, in 47
Phaseolus vulgaris genotypes of different origins. Two-way analysis of variance
(ANOVA), Pearson's moment correlations and principal component analysis (PCA)
were performed on all measured traits to assess the overall stress responses of the
genotypes investigated. For most of the growth variables analyzed and Pro, the
effects of cultivar, treatment and their interactions were highly significant (p <0.001);
root morphological traits, stem diameter and number of leaves were mainly due to
uncontrolled variation, whereas variation in fresh weight and water content of stems
and leaves was clearly induced by stress. Under our experimental conditions, the
average effects of salt stress on plant growth were relatively weaker than those of
water deficit. In both cases, however, growth inhibition was mainly reflected in the
stress-induced reduction of fresh weight and water content of stems and leaves. Pro,
in turn, was the only variable that showed a negative correlation with all growth

parameters, but particularly with those of stems and leaves mentioned above, as



indicated by Pearson's correlation coefficients and PCAs. Thus, in common beans,
higher stress-induced Pro accumulation is unequivocally associated with greater
growth inhibition; i.e., greater stress sensitivity of the corresponding cultivar. We
propose the use of Pro as a biochemical marker suitable for simple, rapid, large-scale
screening of bean genotypes to exclude the most sensitive, those that accumulate
higher concentrations of Pro in response to water or salt stress treatments.

In addition, responses to salinity were analyzed in six common bean cultivars:
four local varieties from Spain and two experimental lines from Cuba. Proline was
used to rank the relative tolerance of the cultivars, confirming a previous study that
reported two of the Spanish landraces as more stress tolerant. Concentrations of total
soluble sugars varied with treatments and among genotypes, but it was difficult to
assess their role in stress tolerance of the plants tested. Leaf sodium concentration
was lowest in one of the two salt-resistant cultivars, and potassium did not vary or
increase under salt stress in all of them, except in the most susceptible one, where a
drop of this cation below 150 NaCl mM was recorded. Changes in malondialdehyde
(MDA) content did not indicate salt-induced membrane peroxidation as a result of
secondary oxidative stress; consequently, accumulation of total phenolic compounds
and flavonoids, as an antioxidant defense mechanism, was not detected. These
results highlight the reliability of the use of proline as a biochemical marker of salt
stress in common beans and the importance of the mechanism related to potassium

transport to leaves in conferring stress tolerance to some common bean cultivars.



Resum

El fesol (Phaseolus wvulgaris L.) es va originar al continent america,
especificament a la zona mesoamericana, i la seva domesticacié es va produir de
forma independent en I'area mesoamericana i la zona andina, donant lloc a dos
patrimonis genetics ben diferenciats. També es va observar que les poblacions
silvestres andines es van originar a partir de només uns pocs milers d'individus de
les poblacions silvestres mesoamericanas, el que va produir un gran coll d'ampolla
en la formacié de la poblacié andina. Durant segles de cultiu a la Peninsula Ibérica
després de la seva introduccio en el segle XVI, les mongetes es van adaptar a nous
entorns, evolucionant nombroses varietats locals.

En aquest estudi es van avaluar conreessis espanyols locals de garrofé (fesol
Ilima) i la seva resistencia a la salinitat, a on es van exposar les plantes a diversos
tractaments de sal, per tal d'avaluar I'efecte de la salinitat en el creixement i el
rendiment de I'cultiu. Es van determinar parametres de creixement i bioquimics. | es
va observar que l'estres sali va reduir el pes fresc dels organs aeris, el que ens va
permetre classificar els quatre genotips segons la seva tolerancia a la salinitat. La
concentracido de la majoria dels pigments fotosintetics va romandre inalterada,
excepte els carotenoides que es van reduir al cv menys tolerant a la sal. (Conrear)
VPH-79. Les concentracions de Na+ i Cl- de les fulles van augmentar amb I'augment
de la concentracié de sal de l'aigua de reg, pero el K+ va romandre constant, com en
el 'BGV-15410"' més tolerant, o augmentar en els altres cultivars, el que resultar en
una relacié K+/Na+ sense canvis sota estrés dos dels conreessis seleccionats. A més,
la prolina augmentar en tots els conreessis, més notablement en el cv. VPH-79, amb
les concentracions absolutes més altes registrades en els conreessis més tolerants a
la sal. Curiosament, aquests conreessis ja tenien una concentracié de prolina
relativament més alta en plantes no estressades. Aquestes troballes indiquen que P.

lunatus és moderadament tolerant a la sal i que els seus principals mecanismes per



adaptar-se a l'estres sali sén el manteniment d'altes concentracions de K+ i
I'acumulacié de prolina en les fulles.

En estudis realitzats en aquest projecte de recerca es van analitzar en
hivernacle 24 races locals de P. vulgaris d'Espanya durant dues temporades
consecutives. De cada genotip, es van conrear cinc plantes i es van caracteritzar per
17 trets quantitatius i 15 qualitatius utilitzant els descriptors de I'IBPGR. Les dades
es van analitzar estadisticament mitjancant analisi de variancia (ANOVA), analisi de
components principals (PCA) i analisi de conglomerats. Els resultats obtinguts
indiquen una alta variabilitat per a la majoria dels trets, especialment els relacionats
amb el rendiment i els seus components. El PCA i I'analisi de conglomerats van
separar les varietats locals d'acord amb el color de la llavor, el rendiment i els trets
de la beina i la llavor relacionats amb el rendiment. Nombrosos trets van exhibir
interaccions entre el genotip i el medi ambient. La majoria de les accessions van
aconseguir majors rendiments a la primavera, en queé la radiacié solar afavoreix la
fotosintesi i, en conseqiiencia, la fotoasimilacion. La diferent resposta a I'entorn
canviant del conjunt de accessions estudiades en el present treball és de gran interes,
i pot ser explotada en cultivars de millora adaptats a una gamma més amplia de
condicions ambientals.

D'altra banda, en aquest estudi es van analitzar les respostes als tractaments
per deficit hidric i estres sali, pel que fa a inhibicié de I'creixement i contingut de
prolina foliar (Pro), en 47 genotips de Phaseolus vulgaris de diferents origens. Es va
realitzar una analisi de variancia bidireccional (ANOVA), correlacions de moments de
Pearson i analisi de components principals (PCA) en tots els trets mesurats, per
avaluar les respostes generals a I'estres dels genotips investigats. Per a la majoria de
les variables de creixement analitzades i Pro, els efectes de I'cultiu, el tractament i
les seves interaccions van ser altament significatius (p <0.001); els trets morfologics

de les arrels, el diametre de la tija i el nombre de fulls es van deure principalment a



una variacio incontrolada, mentre que la variacio de I'pes fresc i el contingut d'aigua
de les tiges i les fulles va ser induida clarament per |'estres. A les nostres condicions
experimentals, els efectes mitjana de |'estres sali sobre el creixement de les plantes
van ser relativament més febles que els de el déficit hidric. En tots dos casos, pero,
la inhibicio de el creixement es va reflectir principalment en la reduccié induida per
I'estrés de I'pes fresc i el contingut d'aigua de les tiges i les fulles. Pro, per la seva
banda, va ser |'Unica variable que va mostrar una correlacié negativa amb tots els
parametres de creixement, pero particularment amb els de tiges i fulles esmentats
anteriorment, com ho indiquen els coeficients de correlacié de Pearson i els PCA. Per
tant, en els fesols comuns, una major acumulacio de Pro induida per I'estres s'associa
inequivocament amb una major inhibicié de I'creixement; és a dir, amb una major
sensibilitat a l'estres de l'conrear corresponent. Proposem I|'Us de Pro com un
marcador bioquimic adequat per a examens simples, rapids i a gran escala de
genotips de fesol, per excloure els més sensibles, aquells que acumulen
concentracions més altes de Pro en resposta a tractaments d'estres hidric o sali.

Al seu torn, s'han analitzat les respostes a la salinitat en sis conreessis de fesol
comu: quatre varietats locals d'Espanya i dues linies experimentals de Cuba. Es va
utilitzar prolina per classificar la tolerancia relativa dels conreessis, el que confirma
un estudi anterior que va informar com més tolerants a l'estrés dues de les varietats
locals espanyoles. Les concentracions de sucres solubles totals van variar amb els
tractaments i entre els genotips, pero va ser dificil avaluar el seu paper en la
tolerancia a l'estrés de les plantes analitzades. La concentracié de sodi en fulles va
ser la més baixa en un dels dos conreessis resistents a la sal, i el potassi no va variar
ni augmentar sota estres sali en tots ells, excepte en el més susceptible, on es va
registrar una caiguda d'aquest catié per sota de 150 NaCl mM. Els canvis en el
contingut de malondialdehid (MDA) no van indicar peroxidaciéo de la membrana

induida per sal com a resultat de I'estrés oxidatiu secundari; en consequiencia, no es



va detectar acumulacié de compostos fenolics totals i flavonoides, com a mecanisme
de defensa antioxidant. Aquests resultats destaquen la fiabilitat de I'Us de prolina
com a marcador bioquimic de Il'estrés sali en fesols comuns i la importancia de
I'mecanisme relacionat amb el transport de potassi a les fulles per conferir tolerancia

a l'estres a alguns conreus de fesols comuns.



“Investigar es ver lo que
todo el mundo ha visto, y
pensar lo que nadie mas
ha pensado’.

Albert Szent-Gyorgyi
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Este capitulo comienza con un resumen de la influencia del cambio climatico en
la agricultura actual y como afecta a la produccién en una poblacion creciente, en la
gue se estima que para 2050 la poblacién mundial aumentara a 10.000 millones de
personas, mientras que la producciéon de alimentos disminuye debido al cambio
climatico. Se prevé que para ese mismo afo los sistemas agricolas tendran que
producir un 60% mas de lo que producian en 2005/2007; también se considera que
la agricultura es un motor del cambio climatico y contribuye al 19-29% de las
emisiones antropogénicas de gases de efecto invernadero.

El cambio climatico afectara a la productividad de los cultivos y tendra un impacto
negativo en la idoneidad ecoldgica. Los aspectos mas importantes del cambio
climatico con respecto a estos efectos estan relacionados con la disponibilidad de
agua, el estrés térmico y la salinidad. Numerosas investigaciones realizadas a lo largo
de varios afos han permitido conocer los mecanismos fisiolégicos que facilitan el
mantenimiento de la productividad en respuesta a la sequia, las inundaciones, la
salinidad y el estrés térmico. En efecto, se han sentado las bases para iniciar el
desarrollo de variedades de cultivo de élite preparadas para el eventual cambio
climatico y para satisfacer las necesidades de seguridad alimentaria de una poblacién
creciente. Es vital que los esfuerzos de la biotecnologia y la mejora genética para
aprovechar estos mecanismos se aceleren en la proxima década. Sin embargo,
guienes se ocupan de la mejora de los cultivos deben abordar estos esfuerzos con
cautela y asegurarse de que los mecanismos potencialmente aprovechados sean
viables en el contexto de un entorno que cambia dindmicamente.

También se aborda el estrés hidrico y salino y su efecto en la producciéon de
cultivos horticolas como la judia, asi como un resumen del origen y las caracteristicas

botanicas y el valor nutricional del cultivo.
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1.1. Cambio climatico

El marcado aumento de los cambios antropogénicos persistentes en los ciclos
biogequimicos de la Tierra, comenzando con la revolucion industrial a fines del siglo
XVIIl y evolucionando alin mas rapido con la "Gran Aceleracion" de mediados del siglo
XX, ha impulsado la propuesta de una nueva época geolégica denominada
Antropoceno (Le et al., 2011; Lewis y Maslin, 2015; Ogden et al., 2015; Waters,
2016). Los efectos combinados del rapido crecimiento de la poblacién, la
industrializacion y la globalizacién en el Antropoceno han permitido las mayores
ganancias en el nivel de vida de la historia, al mismo tiempo que han creado los
cambios antropogénicos mas dramaticos en el medio ambiente. En la relativamente
corta duraciéon del Antropoceno hasta ahora, la actividad humana ha alterado
numerosos procesos naturales, incluidos los ciclos de nutrientes, la dinamica del
agua, la erosion, la extinciéon de especies y los patrones climaticos globales (Gayathri-
I[langumaran et al., 2018). Sin embargo, es en las ultimas décadas cuando aumentan
las alteraciones de todos los parametros climaticos debido al calentamiento global.
El quinto Informe del IPCC (2014) concluye que "la influencia humana en el sistema
climatico es clara y va en aumento, y sus impactos se observan en todos los
continentes. Si no se le pone freno, el cambio climatico hara que aumente la
probabilidad de impactos graves, generalizados e irreversibles en las personas y los
ecosistemas”. El cambio climatico es un fenémeno inducido por el aumento de gases
invernadero en la atmosfera, y el CO, emitido por el ser humano. Se presenta un
elevado impacto ambiental, por causas del cambio climatico, por la influencia de los
eventos climaticos extremos.

Los datos sobre los paises en el CRI (Global Climate Risk Index) 2020 muestran
cuan destructivas pueden ser las precipitaciones extremas, a saber, a través de las
inundaciones y deslizamientos de tierra, que han afectado a muchas regiones del sur

y sudeste de Asia y Africa. Se espera que aumenten las precipitaciones extremas a
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medida que el calentamiento global intensifica el ciclo hidrolégico global. Por lo
tanto, se espera que los eventos de precipitacién aumenten en intensidad a un ritmo
mas alto que los cambios medios globales en la precipitacion total como lo describen
Donat et al. (2016). Ademas, esos aumentos se esperan tanto en regiones humedas
como secas (Donat et al. 2016). Un estudio por Lehmann et al. (2015) refuerza -el
vinculo cientifico entre los eventos de lluvia récord desde 1980 y el aumento de las
temperaturas. Segun los cientificos, la probabilidad de que un nuevo evento de lluvia
extrema sea causado por el cambio climatico alcanzé el 26% en 2010 (Lehmann et al.
2015). Un estudio reciente de Bloschl et al. (2017) concluye que el momento de las
inundaciones esta cambiando debido al cambio climatico. La temperatura media
mundial aument6 0.85° C entre 1880y 2012 y se estima que seguira en aumento en
0.2°C en los siguientes anos (IPCC, 2014). Asi mismo la concentracion global de
diéxido de carbono atmosférico (CO;) pasé de 284 ppm a 397 ppm entre 1832 y
2013. Probablemente este aumento afecte a los cultivos y la biologia de las plagas
asociadas (Ziska, et al., 2011). El sector de la producciéon primaria es el de los mas
afectados negativamente por el impacto directo del cambio climatico (Al-Kaisi et

al.,2012; Lai et al, 2012.).

1.2. Influencia del cambio climatico en la agricultura

La variabilidad climatica explica casi el 60% de las variaciones en los rendimientos,
por lo tanto, un factor crucial que influye en la produccion de alimentos y los ingresos
de los agricultores (Osborne & Wheeler 2013; Ray et al., 2015; Matiu et al., 2017). El
sector agricola se encuentra en la interseccidon de tres grandes desafios. En primer
lugar, todos los aspectos de la seguridad alimentaria se ven afectados por el cambio
climatico (Porter et al., 2014) y se necesitan esfuerzos de adaptacion para lograr la
seguridad alimentaria y asegurar los medios de vida rurales. En segundo lugar,
incluso cuando los impactos climaticos crecientes (en gran medida negativos) se

estan sintiendo en los sistemas agricolas, ganaderos y pesqueros (Porter et al., 2014),
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los sistemas agricolas deben producir un 60% mas de alimentos para 2050 en
comparacion con los niveles de 2005/07 (Alexandratos, 2012). El sector, que es un
empleador importante y una via para salir de la pobreza (FAO, 2015) debera mantener
un namero cada vez mayor de pequefias explotaciones agricolas, que se espera
aumente a unos 750 millones para 2030 (Campbell, 2014). En tercer lugar, la
agricultura (y el sistema alimentario en general) es en si misma uno de los principales
impulsores del cambio climatico, y contribuye a nivel mundial del 19 al 29% de las
emisiones antropégenas de gases de efecto invernadero (Vermeulen, 2012). Para
lograr el objetivo mundial de limitar el aumento de temperatura a 2°C, que se adopté
como parte del Acuerdo de Paris sobre el clima en 2015 (UN, 2015), el sector debera
reducir las emisiones en aproximadamente 1 GtCO;e/ano para 2030 (Wollenberg,
2016), ya que las tecnologias y practicas actuales solo pueden proporcionar del 21 al
40% de la mitigacion necesaria (Wollenberg, 2016).

La degradacion de la tierra y el cambio climatico estan intensificando los desafios
gue han afectado la produccion agricola mundial y la seguridad alimentaria humana
durante milenios (Diamond, 2005). Abordar estos desafios es vital para construir
sistemas agroecoldgicos sostenibles que puedan alimentar a la poblacién mundial en
rapido crecimiento. Aunque existe un amplio conocimiento sobre la degradacion de
la tierra y el cambio climatico como fendmenos separados, se sabe menos acerca de
como es mas probable que interactien en diferentes sistemas agroecoldgicos y, de
manera critica, cdmo las sociedades deben adaptarse simultaneamente a sus
impactos (Reed & Stringer, 2016). La escala de cada desafio por si sola es enorme. Se
estima que la degradacion de la tierra afecta >25% (37.25 millones de km?2) de la
superficie terrestre mundial, en forma de reduccién o pérdida de la calidad del suelo
debido a cambios fisicos y quimicos y erosién, y disminucion de la productividad
bioldégica y econdmica (Iniciativa ELD 2015). Estos cambios se estan produciendo en

los ecosistemas y las tierras agricolas del mundo, incluidos los pastizales aridos y
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semiaridos (Bestelmeyer et al., 2015), los sistemas agroforestales (Miettinen et al.,
2014) y las tierras de cultivo (Karamesouti et al., 2015).

Aproximadamente el 40% de la degradacion de la tierra se ha producido en los
paises en desarrollo, que se prevé que experimenten el 78% de la expansion mundial
de las tierras secas y el 50% del crecimiento de la poblaciéon para el 2100 (Huang et
al., 2015). Al mismo tiempo, los riesgos del cambio climdtico para la agricultura, la
biodiversidad y los medios de vida también son enormes, con algunos de los mayores
riesgos en las areas de tierras secas en desarrollo (IPCC, 2014).

El aumento de las olas de calor, las sequias, las inundaciones y la presién de las
plagas imponen tensiones directas sobre los cultivos que provocan una disminucion
de los rendimientos (Gornall et al., 2010). Asimismo, se proyecta que el cambio
climatico aumentara la desertificacion (Salinas y Mendieta, 2013), salinizacién del
suelo (Dasgupta et al., 2015), erosion del suelo (Burt et al., 2015) y el aumento del
nivel del mar (Church et al., 2013), lo que lleva a una disminucién general de la tierra
cultivable. Todas las regiones se veran afectadas por cambios en los patrones
climaticos extremos, sin embargo, el tipo del clima variara entre las regiones. Habra
un aumento de las precipitaciones en los tropicos y en latitudes altas, se seca en los
subtropicos y latitudes medias y aumenta en los extremos eventos de precipitacién
en los trépicos y latitudes medias (IPCC, 2014).

Por otra parte, Canet (2017) afirma que el efecto del cambio climatico esta
reflejado en una reduccion de la calidad del agua de riego y la salinizacion de los
suelos tanto por la utilizacion de aguas mas salinas como por un menor lavado de
sales por las lluvias. De esta manera se dispondra de agua de peor calidad al ser mas
salina y contener mas cloruros.

Ademas, indica cémo se estan desplazando algunos cultivos seguin el cambio de
temperatura y disponibilidad del agua unos cultivos van dejando paso a otros que se

adapten a las condiciones presentadas. Por ejemplo, la creciente dependencia de



29
Introduccion General

los agricultores indios en las aguas subterraneas para hacer frente a la sequia
inducida por el clima ha llevado a un rapido declive de la capa freatica, y puede
empeorar aun mas debido al aumento de la variedad del clima a futuro (Fishman,
2018).

Las principales consecuencias del cambio climatico se ven reflejada en que a
variaciones de temperaturas y precipitaciones se pueden dar modificaciones de los
ciclos de cultivos, alteraciones fisioldgicas por exposicidon a temperaturas fuera del
umbral permitido, asi como deficiencias hidricas y alteraciones del CO,. Esto conlleva
qgue los cultivos se desplacen e igual lo hacen las plagas, las enfermedades, en
algunas ocasiones porque lo hacen sus vectores otras por adaptacion. Aparecen de
esta manera nuevas plagas en zonas que eran desconocidas para ellas o cambian las
dinamicas plaga/depredador. En otros casos, el estrés que causan unas condiciones
climaticas mas desfavorables puede aumentar la sensibilidad de los cultivos a los
danos de aquellas.

El cambio climatico influye en el inicio y la duracién de las temporadas de
crecimiento (Fiwa et al., 2014; Zhao et al., 2015; Lemma et al., 2016) y la duracién y
magnitud del estrés por calor e hidrico en los sistemas de produccién agricola (Lobell
et al., 2015; Saadi et al., 2015; Schauberger et al., 2017). La aceleracion del
crecimiento debido a una temperatura promedio mas alta da como resultado una
menor interceptaciéon de radiacién y una menor produccién de biomasa (Rosenzweig
y Hillel, 2015). Ademas, las temperaturas superiores a las Optimas danan
directamente los procesos fisiolégicos de los cultivos. Un analisis reciente demuestra
el efecto del cambio climatico en la produccion y el rendimiento de cuatro cultivos
principales a nivel mundial, es decir, maiz, arroz, trigo y soja (Wang et al., 2018). Los
estudios de rendimiento de cultivos centrados en la India han descubierto que el
calentamiento global ha reducido el rendimiento de trigo en un 5.2% entre 1981 y

2009, a pesar de la adaptacion (Gupta et al., 2017). Se prevé que el cambio climatico
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reduciria el rendimiento del maiz de secano en un promedio de 3.3 a 6.4% en 2030
yde 5.2 a12.2% en 2050 y el rendimiento de regadio en un 3 a 8% en 2030y de 5a
14% en 2050 si las variedades actuales se cultivaran (Tesfaye et al., 2017).

La gran preocupacion de los agricultores es la disminucién de la productividad de
sus cultivos por la degradacion de los suelos (fisicos, quimicos y bioldgicos), asi como
por aguas de subterraneas y superficiales (calidad y cantidad) y las nuevas plagas
(insectos emergentes). Dado que el suelo contiene todos los minerales necesarios
para el crecimiento de los cultivos, el manejo del suelo es una de las medidas mas
cruciales para la adaptacion al cambio climatico (Bhattacharyya al., 2015; Bedano et
al., 2016; Chen et al., 2017; Cui et al., 2017; He et al., 2018). El aumento de la
variabilidad climatica y de los eventos climaticos extremos, como lluvias intensas y
vientos fuertes, pueden acelerar el proceso de erosion del suelo. Asimismo, dado
que el suelo contiene todos los minerales necesarios para el crecimiento de los
cultivos, el manejo del suelo es una de las medidas mas cruciales para la adaptacion
al cambio climatico (Bhattacharyya et al., 2015; Bedano et al., 2016; Chen etal., 2017;
Cui et al., 2017; He et al., 2018).

En resumen, el cambio climatico es la mayor problematica que enfrenta la
agricultura especialmente en paises agricolas. Kalra et al. (2018) afirma que la
productividad agricola puede verse afectada por el cambio climatico, debido a
cambios de temperatura, precipitacion o niveles de CO, y cambios en los suelos e
infestacion por insectos plagas. Asimismo, afirman que la probabilidad de eventos
extremos ha aumentado en las ultimas tres décadas.

El desarrollo de estrategias efectivas mediante las cuales la agricultura pueda
adaptarse al cambio climatico en las proximas décadas requiere que los agricultores
y gobiernos comprendan los riesgos climaticos potenciales que plantea el cambio
climatico y emprendan medidas para mitigar los efectos del cambio climatico (Karimi

et al., 2018). De esta manera la adaptacion al cambio climatico involucra cualquier
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actividad disenada para reducir la vulnerabilidad y mejorar la resiliencia del sistema
(Adger 2006; Vogel y Meyer, 2018) y, por lo tanto, los impactos reales del cambio
climatico dependen en gran medida de la capacidad de adaptacién (Vermeulen et al.,

2012).

1.3. Phaseolus vulgaris L., la judia comin

1.3.1. Origen de las judias

Al principio del siglo XX se crey6 que la judia comln tenia como centro de origen
Asia, pero posteriores estudios arqueoldgicos, botanicos, histéricos y lingiisticos
concluyeron que ésta se origind entre el norte de México y noreste de Argentina
(Gepts y Debouck, 1991). Se han encontrado evidencias de restos arqueoldgicos
como semillas, vainas y plantas enteras (Kaplan, 1981), hallados en los Andes (Peru,
Chile, Ecuador y Argentina), en Mesoamérica (México, América Central y sureste de
Estados Unidos) y Norteamérica (Nueva York). Actualmente los restos mas antiguos
datan de 10000-8000 anos a.C. procedentes de los Andes y de 6000 afnos a.C.
proveniente de Mesoamérica.

El papel de la diversidad genética es crucial para que las mejoras futuras
satisfagan la demanda social de seguridad alimentaria en un escenario de cambio
climatico. Desde esta perspectiva, es fundamental comprender la estructura y
evolucién de las especies de cultivos y sus parientes silvestres (Belluci et al., 201 3).
Brucher (1988), afirma que la judia comun actualmente cultivada es el resultado de
un proceso de domesticacion y evoluciéon (mutacién, seleccién, migracién y deriva
genética) a partir de una forma silvestre el cual procede de América, que fue el
epicentro de expansion a todo el mundo y en la que se han producido cambios
morfolégicos, fisioldgicos y genéticos (Gepts y Debouck, 1991) como respuestas a
las exigencias humanas o del medio ambiente. P. vu/garis es una especie diploide

autdgama verdadera, con 22 cromosomas y un tamafo de genoma haploide que se
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estima entre 587 Mbp y 637 Mbp (Arumuganathan & Earle, 1991; Bennett & Leitch
1995, 2010).

Delgado-Salinas et al. (2006) analizaron los espaciadores transcritos internos
(ITS) del ADN ribosémico y el locus trnK del cloroplasto, y mostraron que el clado de
la corona de Phaseolus no tiene mas de 4-6 millones de afios. La forma actual de
México fue aparente en el Mioceno tardio (hace 5 millones de afos), con un gran
evento final de vulcanismo por subduccién que resultd en el moderno Cinturén
Volcanico Trans-Mexicano. Esto sugiere fuertemente que la diversificacion de
Phaseolus tuvo lugar durante y después de esta importante actividad tectdnica
(Delgado-Salinas et al., 2006), y por lo tanto evolucion6 mucho después del periodo
en que se formé el puente terrestre que conectaba Mesoamérica y Sudamérica, que
fue hace 7 millones de afios (Coates et al., 2004). Delgado-Salinas et al. (2006)
detectaron ocho clados principales dentro de Phaseolus, con el grupo vulgaris como
el mas antiguo, de ca. 4 millones de afos. Este grupo incluye cuatro de las cinco
especies domesticadas del género (P. wwlgaris, P. dumosus, P. coccineus y P.
acutifolius). Los parientes mas cercanos a P. vulgaris son las especies
mesoamericanas P. dumosus y P. coccineus, y estas tres especies juntas son
parcialmente cruzables. Las otras especies domesticadas (P. lunatus, P. acutifolius)
estan relacionadas mas lejanamente. En base a datos moleculares de secuencia del
gen inhibidor de x—-amilasa, se considera que P. vu/garis divergio de P. dumosusy P.
coccineus hace 2 millones de afios (Gepts et al., 1999).

De las cinco especies domesticadas, P. wvu/garis es la mas importante
econdOmicamente, ya que es la leguminosa de grano para consumo humano con
mayor aportacién proteica, vitaminas, minerales y fibra, especialmente en los paises
menos desarrollados. (http://www.fao.org/index_en.htm, 2010; Brougthon et al.

2003). P. vulgaris es una especie diploide autégrama, con 22 cromosomas y un
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tamafio de genoma haploide que se entre 587 Mbp y 637 Mbp (Arumuganathan y
Earle, 1991; Bennett y Leitch, 1995, 2010).

P. vulgaris silvestre se distribuye ampliamente desde el norte de México hasta el
noroeste de Argentina (Toro et al., 1990), y se caracteriza por dos importantes
acervos genéticos ecogeograficos: los de Mesoamérica y los Andes. Estos dos
acervos genéticos muestran estructuras geograficas silvestres y domesticadas
paralelas, como lo demuestran varios estudios basados 8 diferentes conjuntos de
datos, incluida la morfologia de las plantas (Singh et al., 1991), proteinas de semillas
(Gepts et al., 1986; Gepts y Bliss, 1985), aloenzimas ( Koenig y Gepts, 1989),
polimorfismo de longitud de fragmentos de restriccion (Becerra-Velasquez y Gepts,
1994), ADN polimérfico amplificado al azar (RAPD, Freyre et al., 1996), polimorfismo
de longitud de fragmentos amplificados (AFLP; Papa y Gepts, 2003; Rossi et al., 2009)
y repeticiones de secuencia simple (microsatélites, SSR; Kwak y Gepts, 2009).

En los afios de 1980, en el norte de Peru y Ecuador se descubrié una poblacion
silvestre de P. vulgaris (Debouck et al., 1993). Kami y col. (1995) analizaron una parte
del gen que codifica la proteina de semilla Phaseolina e identificaron un nuevo tipo
de Phaseolina (tipo |) para esta poblacion del norte de Peru-Ecuador que no estaba
presente en los otros acervos genéticos, lo que indica que esta poblacion es un nuevo
acervo genético salvaje distinto. El gen de la faseolina de tipo | no porta las
repeticiones directas en tandem que estan presentes en las accesiones
mesoamericanas y andinas. Teniendo en cuenta que las duplicaciones que generan
repeticiones directas en tandem son mas probables que las deleciones que eliminan
especificamente a un miembro de una repeticion directa en tandem, Kami et al.
(1995) sugirieron que la faseolina tipo | es ancestral de las otras secuencias de
faseolina de P. wvwlgaris. Esto surge porque las duplicaciones pueden ocurrir en
muchas ubicaciones a lo largo de una secuencia, mientras que las deleciones solo

pueden ocurrir en el sitio de las repeticiones directas en tdndem. Asi, la hipotesis
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mas acreditada sobre el origen del frijol comin fue que desde la zona nucleo de la
vertiente occidental de los Andes en el norte de Peru y Ecuador, desde donde se
disperso el frijol silvestre hacia el norte (Colombia, Centroamérica y México) y hacia
el sur. (sur de Peru, Bolivia y Argentina), lo que resulté en los acervos genéticos
mesoamericanos y andinos, respectivamente (Kami et al.,, 1995). Sin embargo,
recientemente, esta hipétesis ha sido cuestionada por diferentes estudios (Rossi et
al., 2009; Nanni et al., 2011; Bitocchi et al., 2012, 2013; Desiderio et al., 2013). En
particular, Bitocchi et al. (2012) indicaron claramente un origen mesoamericano del
frijol comun al investigar la diversidad de nucleétidos en cinco fragmentos de genes
diferentes en una amplia muestra de P. vulgaris silvestre que es representativa de su
distribucién geografica.

La primera evidencia de esta afirmacién fue la ocurrencia de un cuello de botella
antes de la domesticacion del acervo genético andino. Esto esta respaldado por la
mayor diversidad genética detectada para el acervo genético mesoamericano, en
comparacion con el acervo genético andino, lo que resultd en una pérdida del 90%
de diversidad para el acervo genético andino (Bitocchi et al., 2012).

El segundo resultado novedoso del analisis realizado con datos de secuencia fue
la estructura poblacional identificada en Mesoamérica. De hecho, antes del estudio
de Bitocchi et al., (2012), incluso si se sabia que el acervo genético salvaje
mesoamericano se caracterizaba por una estructura poblacional alta (Papa y Gepts,
2003), nunca se habia encontrado una clara distincion entre los grupos y, por lo
tanto, Mesoamérica generalmente se consideraba como un acervo genético Unico. La
razén principal de esto probablemente estuvo relacionada con la naturaleza de los
marcadores utilizados; de hecho, estudios previos no detectaron claramente ninguna
subdivisién poblacional en Mesoamérica debido a la hibridacién y recombinacién
entre los diferentes grupos, lo que redujo el poder discriminatorio de los marcadores

moleculares multilocus utilizados (Kwak y Gepts, 2009; Rossi et al., 2009).



35
Introduccion General

Como los datos de secuencia son menos propensos a estos factores, Bitocchi et
al. (2012) demostraron que las accesiones mesoamericanas se pueden dividir en
cuatro grupos genéticos distintos: B1, B2, B3 y B4 (jError! No se encuentra el origen
de la referencia.). El grupo B1 estuvo representado por accesiones distribuidas en
toda el area geografica, desde el norte de México hasta Colombia. Los otros tres
grupos estaban compuestos Unicamente por accesiones mexicanas. El grupo B2 se
extendio del centro al sur de México, mientras que los grupos B3 y B4 estuvieron
presentes en una amplia zona del centro de México (Fig. 1).

Las investigaciones sobre las relaciones entre estos diferentes grupos han
demostrado que, sorprendentemente, no existe una distincion clara entre los acervos
genéticos silvestres mesoamericanos y andinos, mientras que se encontraron
diferentes relaciones de los grupos mesoamericanos con el norte de Peru-Ecuador y
los acervos genéticos andinos (Bitocchi et al., 2012). En particular, las accesiones
silvestres andinas estaban mas relacionadas con las accesiones B3 mesoamericanas,
y las accesiones del norte de Peru-Ecuador con las accesiones B4 mesoamericanas
(jError! No se encuentra el origen de la referencia.). El trabajo de Bitocchi et al. (2012)
muestra una clara evidencia de un origen mesoamericano del frijol comudn, que
probablemente estaba ubicado en México, lo cual es consistente con la distribucién
conocida de la mayoria de los parientes cercanos de P. vulgaris. Por lo tanto, ambos
acervos genéticos de América del Sur se originaron a través de diferentes eventos
migratorios de las poblaciones de Mesoamérica del centro de México. Estos
resultados estan fuertemente respaldados por los obtenidos a nivel de ADN
cloroplastico en una muestra parcialmente superpuesta de accesiones silvestres
(Desiderio et al., 2013). Bitocchi y col. (2012) sugirieron que la judia comun silvestre
del norte de Peru y Ecuador es una poblacion relicta que solo representa una fraccion
de la diversidad genética de la poblaciéon ancestral. Considerando que los resultados

de Kami et al. (1995) que indicaron que la faseolina tipo | (Phl) es una faseolina
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ancestral son relativamente robustas, la ausencia de este tipo de faseolina en
Mesoamérica se deberia a su extincion en este acervo genético, o alternativamente,
podria estar todavia presente, pero solo no incluido en las muestras analizadas en la
literatura.

Fig. 1. Representacion de la distribucion geogrdfica de los cluster identificados por
el andlisis de conglomerados bayesianos realizado por Bitocchi et al. (2012).

@81 B2 B3 B4 Mesoamerica
B85 North Peru- Ecuador

@86 Andes

Nota: Consulte la leyenda para ver la correspondencia entre colores y grupos genéticos.

1.3.2. Importancia del cultivo

La judia (Phaseolus vulgaris L.), es la leguminosa de grano mas importante
para el consumo humano por su alto contenido en proteinas, fibra dietética,
minerales y vitaminas. Su consumo es en granos secos, granos tiernos o vainas
verdes. Las hojas verdes, tallos y las vainas son utilizados como alimento para el
ganado y los restos de la planta seca se utiliza como abono organico. Otra
importancia de las judias es que forman simbiosis con bacterias del género
Rhizobium y se utiliza como fertilizantes organicos. Su cultivo se expande a nivel
mundial. El cultivo es sensible a plagas y enfermedades, por lo cual se requiere una

mejora genética para obtener variedades con rendimientos estables y cualidades
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mejoradas, que satisfagan la necesidad alimenticia en un mundo en crecimiento
(Rodifo, 2000).

En este cultivo se puede aprovechar el grano y la vaina, ademas tiene un alto
valor proteico, y se comercializa congelado y/o en conserva. Es importante realizar
estudios que permitan realizar una mejora genética, asi como mejorar las practicas
de cultivo para optimizar las condiciones del cultivo. Los paises de la Unidén Europea

que importan judia verde desde Espafia son: Francia, Alemania, Suiza e Inglaterra.

1.3.3. Caracteristicas botdnicas

El cultivo es anual, germinacién epigea, con un sistema radicular fasciculado,
ademas hace simbiosis con el hongo Rhizobium phaseoli Dangeard. Presenta tallos
delgados, pubescente a glabro, segun la variedad son altas o enanas. Sus hojas son
trifoliadas con pequenas estipulas en la base del peciolo. El peciolo de 4-9 cm de
largo, foliolos 4.5-15 cm de longitud, 2.5-6.5 cm ancho de los foliolos laterales,
ovados a ovado-rombico, acuminados, oblicuos: peciolo de 1.5 - 2.5 mm de longitud,

estipulas de 4 mm de largo (

Tabla 1).

Las flores en variedades enanas estan organizadas en forma de racimos
terminales, mientras que en variedades de enrame son axilares. La flor esta
constituida por una corola, pentamera y papilonacea, dos pétalos soldados por la
base y tres libres. El estandarte es el pétalo mas grande, es uno de los libres. El
androceo esta formado por diez estambres, nueve soldados por la base en forma de
tubo y el décimo (vexilar) esta libre. El gineceo presenta ovario comprimido, estilo
encorvado y un estigma. El androceo y gineceo estan envueltos por la quilla, que a

su vez favorece el mecanismo de autopolinizacién. Asimismo, se conoce que las
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anteras se encuentran paralelas al estigma de modo que al producirse la apertura de

las anteras el polen cae directamente sobre el estigma (Fueyo, 2004).

Tabla 1. Caracteristicas botdnicas de Phaseolus vulgaris L

Planta Indeterminadas/Determinadas
Ciclo Anual
Hojas Trifoliadas

Inflorescencia

Caliz

Corola

Vexillum
Quilla

Frutos

1-3 flores, pedunculo de 0-5 cm
longitud.

Pubescente, tubo de 2 a 3 mm de
longitud.

Blanca, purpura, amarilla o rosa
palido.

1-1.9 cm de longitud, glabro.
2.2 cm de longitud curvado en espiral.

0.5-30 mm de longitud

1.3.4. Valor nutricional.

Las semillas de Phaseolus vulgaris son nutricionalmente muy importantes y

tienen las siguientes constituyentes importantes (USDA. National Nutrient Database

for Standard Reference Release 27: Basic Report 16032, Beans, Kidney, red, mature

seeds, raw. 2015 [cited 2016 Sept 23, 03:45EDT]; Available from:

http://ndb.nal.usda.gov/ndb/nutrients/index). (Tabla 2).

Tabla 2. Composicion bdsica y dcidos grasos que constituyen la semilla de P. Vulgaris L

Composicién basica (mg/g)

Acidos grasos (mg/g)

Lipidos totales 10.60
Proteinas 225.30
Carbohidratos 612.90

Minerales esenciales (mg/g)

Macrominerales

Calcio 0.83
Magnesio 1.38
Fésforo 4.06
Potasio 13.59

Total saturado

Total mono insaturados
Total Poliinsaturados
Vitaminas (mg/g)

Alfa tocoferol (E)

Acido ascodrbico (C)
Folato

Niacina (B3)

Filoquinona (K1)

1.54
0.82
5.86

0.0021
0.045

3.94ug/9
0.0211

0.056 ug/g
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Sodio 0.12 Piridoxina (B6) 0.00397
Microminerales Retinol (A1) -

Hierro 0.0699 Riboflavina (B2) 0.00215
Zinc 0.0279 Tiamina (B1) 0.00608
Fibra dietética total 0.1520 Valor caldrico 3.37 kcal/g

En términos quimicos la composicion del grano de judia tiene un alto
contenido en proteinas y bajo nivel en carbohidratos. El 15% de la ingesta proteica
dia de una persona con 70 kg proviene de una porcion de 100 g/dia de judias
(Paredes et al., 2009) El contenido de aminoacidos difiere entre genotipos,
condiciones ambientales, manejo del cultivo e incluso la forma de almacenar el grano
influye entre otros (Prolla et al.,, 2010). El grano de judia contiene 16-30% de
proteina, glucidos 55-65%, fibra 3-8%, lipidos del 1 al 5% y minerales entre un 3-5%.
Presenta un alto contenido en calcio y hierro, y vitaminas como tiamina (vitamina B1)
y acido folico (vitamina B9) su proteina es rica en lisina y pobre en aminoacidos
azufrados como la metionina y cisteina. De esta manera una dieta rica en
leguminosas con cereales seria un complemento ideal para satisfacer los
requerimientos en aminoacidos esenciales en el ser humano (Almeida-Costa et al.,
2006). En la composicion de las judias, hay presencia de hidratos de carbono de
asimilacion lenta, fibra y algunos componentes bioactivos minoritarios, muy
importantes para la salud (Olmedilla-Alonso et al., 2010), como prebiéticos,
anticancerosos y antioxidantes. Los polisacaridos derivados y no derivados (fibra
dietética) mas una variedad de mono, di y polisacaridos se encuentran entre los
carbohidratos que con mayores proporciones. Se ha relacionado a los carbohidratos
no digeribles que componen la fibra dietética con un efecto protector ante
enfermedades cardiovasculares, diabetes, obesidad y enfermedades diverticulares
(Kutos et al., 2003). Asi, el grano contiene una variedad de carbohidratos bajos y no
digeribles, pero su estructura funcional cambia con el remojo y la coccion,
aumentando la cantidad de fibra soluble y la digestibilidad (Barampama y Simard,

1995; Reynoso et al., 2009. Se ha relacionado a los carbohidratos no digeribles que
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componen la fibra dietética con un efecto protector ante enfermedades
cardiovasculares, diabetes, obesidad y enfermedades diverticulares (Kutos et al.,
2003). Segun la evaluacion del tiempo de coccion, existe una gran variabilidad en el
contenido de proteinas y la dureza del grano entre las variedades mejoradas y las
variedades locales. El contenido de proteina en judias nativas de Hidalgo, México,
oscilé entre 16 y 26,9%, segln lo informado por Mufioz-Velazquez et al. (2009), con
variaciones en el tiempo de coccién de 43 a 81 minutos para judias de color vino
tinto y amarillo cremoso, y se observé un mayor contenido de proteina mas una tasa
de digestibilidad in vitro del 95% en las variedades Canario y Flor de Mayo (Ramirez-
Pérez et al., 2012), indican que los contenidos de proteinas oscilan entre 16,3y 29,2%
con tiempos de coccion de 50 a 141 minutos en genotipos locales de judias de color
marron de Puebla, y niveles de proteina que oscilan entre 21 y 25.8% con tiempos de
coccion de 54 a 141 minutos fueron reportados variedades de frijol local de Guerrero
por Solano-Cervantes (Solano-Cervantes et al., 2009). Ciertas variaciones son
inducidas por condiciones agroecoldgicas o de manejo de granos, pero tales cambios
no son significativos. Un alto contenido de proteinas constante durante los ciclos de
cultivo y los afios es una caracteristica de genotipos destacados (Santalla et al., 1999).

Estudios sobre las actividades farmacoldgicas de P. vulgaris, realizados en
diferentes extractos, han demostrado su utilidad como analgésico, contra la obesidad
(Nyau 2014; Rana, 2016), antibacteriano (Atchibri et al., 2010) anticarginogenico
(Oomah et al.,, 2010; Camara, 2013), antidiabético (Hayat et al., 2014),
antiinflamatorio (Oomah et al.,, 2010), antioxidante (Hayat et al., 2014),
hepatoprotector (Oomah et al., 2010), hipolipidémico (Hayat et al., 2014), y litolitico
(Rana, 2016).

A su vez, estudios fitoquimicos en P. vulgaris, revelan la presencia de:
antocianinas (Onyilagha y Islam, 2009), brasinoesteroides (Park et al., 2000), acido

cafeico (Oomah et al.,, 2010), acido catequico y galico (Atchibri et al., 2010),
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coumestrol, daidzen (Diaz-Batalla, 2006), delfinidina (Hayat, 2014), equol (Diaz-
Batalla, 2006), acido ferulico (Oomah et al, 2010), galactomanos (Agrawal et al.,
1968), acido galico, genisteina (Diaz-Batalla, 2006), hemaglutininas (Agrawal et al.,
1968), kaempferol (Diaz-Batalla, 2006), lectinas (Shi Jhon et al., 2007), malvidina
(Hayat, 2014), glucésido de mircitina (Reynoso et al., 2006), acido p-cumarico
(Oomah et al., 2010), petunidina (Hayat, 2014), faseolamina (Marshall and Lauda
1975), faseolina (Hayat, 2014), acido parahidroxibenzoico (Diaz-Batalla, 2006), acido
fitico (Deshpande et al.,1982), fitohemaglutinina (Shi Jhon et al.,, 2007),
proantocianidinas (Aparicio-Fernandez, 2005), proantocianinas (Onyilagha, 2009),
qguercetina (Diaz-Batalla, 2006), robinin (Onyilagha, 2009), acido vanilico (Diaz-

Batalla, 2006) entre otros.

1.4.  Phaseolus lunatus L. (el garrofén o judias de Lima)

P. lunatus es considerado una fuente de nutrientes muy valiosa en paises en
desarrollo. Conocido cominmente como “garrofon”, “frijol lima” es la segunda en
importancia en su género después de P. vulgaris, ambas son de origen neotropical y
pueden estar separadas por dos acervos genéticos, el de los Andes y Mesoamericano,
gue posiblemente estén relacionados con sus respectivos centros de domesticacion
(Chacon et al., 2005; Serrano-Serrano et al., 2010). Aunque originalmente proviene
de Mesoamérica <<y los Andes, actualmente se cultiva en América Latina, Estados
Unidos, y muchos paises, entre ellos los paises mediterraneos donde se asocia con
la gastronomia local (Martinez- Nieto et al., 2020). El mismo autor cita, en las costas
de la cuenca mediterranea se cultiva en lugares calidos y soleados en suelos
profundos y bien drenados; sus raices fuertes permiten que este cultivo se desarrolle
en lugares dénde otras legumbres no pueden. Son plantas con crecimiento trepador
(Checa et al., 2006). Por otra parte, se estan realizando estudios sobre su papel

fitosanitario de los glucdsidos cianogénicos presentes en semillas de P. /unatus (Cuny

et al., 2019; Gleadow et al., 2002). Segun Jones (1988), existen numerosas especies
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de plantas comestibles que poseen glucésidos cianogénicos y es debido a la funcién
de defensa de estos compuestos y a su papel como sustancias de reserva energética.
Asimismo, es una fuente importante de almidén con un contenido entre el 56 al 60%,
y presenta una gran importancia porque se pueden preparar jarabes con alto
contenido de glucosa, asi como productos horneados y enlatados que requieran calor

(Betancur et al., 2001).

1.5. Efectos de la sequia sobre las plantas

Producir alimentos en una poblacién en constante crecimiento es el reto de los
agricultores e investigadores hoy en dia. El problema se genera en que la produccion
mundial de alimentos ha disminuido por diferentes factores: el cambio climatico
“estrés abiotico, altas y bajas temperaturas, salinidad, sequia, inundaciones que
conllevan a excesos de agua y arrastran metales pesados que en algunas
circunstancias causan dafios en los suelos, estrés oxidativo, deficiencia de nutrientes
en los suelos. Las alteraciones en los patrones de precipitaciéon alteran la
disponibilidad de agua en el suelo y afectan también las fechas de floracion, y a los
factores biéticos como plagas, enfermedades ya sean flngicas, virales, bactericidas,
entre otros en los diferentes sistemas de produccion. Como consecuencia la sequia
conlleva un aumento en los costes de produccion.

La sequia es un fendmeno natural, definido como una anomalia transitoria con
valores de las precipitaciones inferiores a las normales en un area determinada
durante un periodo de tiempo mas o menos prolongado (Wilhite, 2000). Olcina
(2011) define la sequia como un fendmeno repetido que evoluciona lenta y
progresivamente, con impactos que afectan a territorios donde la demanda es
superior a los recursos hidricos disponibles.

La sequia afecta el crecimiento de las plantas, el rendimiento, las relaciones
hidricas, membrana integral, contenido de pigmento y fotosintesis (Praba et al.,

2009). A su vez se caracteriza por una disminucion en el contenido del agua,
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potencial hidrico y el potencial de presion foliar. Cierre de los estomas, disminucién
celular y en el crecimiento de la misma (Anjum et al., 2011). Reduce el crecimiento
de las plantas, afectando varios procesos fisiolégicos y bioquimicos como la
fotosintesis, la respiracién, translocacién, absorcion de lones, azucares, nutrientes,
y también procesos hormonales. (Farooq et al., 2009; Prasad et al., 2011). Una
sequia severa puede resultar en la detencion de fotosintesis y alteracion del
metabolismo, finalmente ocasionando la muerte de la planta (Jaleel et al., 2008) (Fig.
2).

Fig. 2. Efecto del estrés hidrico en plantas y posibles respuestas.
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Adaptado de Nadeem et al. (2019)

El estrés por sequia es el factor ambiental mas prevalente que limita la
productividad de los cultivos (Bray, 1997; Kaur y Asthir, 2017) y el cambio climatico
global esta aumentando la frecuencia de las condiciones de sequia severa (Dai, 2012).
La gran diversidad de especies de plantas cultivadas en regiones climaticas que
incluyen condiciones de sequia extrema sugiere que, en la naturaleza, las plantas han

evolucionado para soportar el estrés por sequia con una serie de adaptaciones
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morfoldgicas, fisioldgicas y bioquimicas (Bohnert, 1995). 'Resistencia a la sequia' es
un término mas amplio que se aplica a las especies de plantas con caracteristicas
adaptativas que les permiten escapar, evitar o tolerar el estrés por sequia (Levitt,
1980). El 'escape de la sequia' es la capacidad de una especie de planta para
completar su ciclo de vida antes del inicio de la sequia. Por lo tanto, las plantas no
experimentan estrés por sequia, ya que son capaces de modular su crecimiento
vegetativo y reproductivo de acuerdo con la disponibilidad de agua, esencialmente a
través de dos mecanismos diferentes: desarrollo fenoldgico rapido y plasticidad del
desarrollo (Jones, 1981). El desarrollo fenolégico rapido implica un crecimiento
rapido de la planta, produciendo un minimo nimero de semillas antes de que se
agote el agua del suelo, y se considera que estas plantas no tienen adaptaciones
morfoldgicas, fisioldgicas o bioquimicas especiales. Las plantas con mecanismos de
plasticidad del desarrollo muestran poco crecimiento durante la estacion seca, con
muy pocas flores y semillas, pero en la estacion hiumeda crecen indeterminadamente,
produciendo una gran cantidad de semilla. "Evitar la sequia" es la capacidad de las
plantas para mantener (relativamente) un mayor contenido de agua en los tejidos a
pesar de la reducciéon del contenido de agua en el suelo (Levitt, 1980). Esto se logra
mediante una variedad de caracteristicas de adaptacion que implican la minimizacién
de la pérdida de agua (ahorradores de agua) y la optimizacion del agua absorcién
(gastadores de agua). Los consumidores de agua logran un mayor nivel de agua en
los tejidos al mantener la absorcién de agua a través de un mayor enraizamiento,
conductancia hidraulica, etc., bajo estrés por sequia. Por el contrario, los ahorradores
de agua utilizan el agua de manera eficaz mediante la reduccién de la pérdida de
agua al reducir la transpiracién, el area de transpiracion, la absorcién de radiacion,
etc., bajo estrés por sequia. La "tolerancia a la sequia” es la capacidad de las plantas
para soportar un bajo contenido de agua en los tejidos a través de rasgos adaptativos.

Estos rasgos adaptativos implican el mantenimiento de la turgencia celular a través
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del ajuste osmético y la elasticidad celular, y el aumento de la resistencia
protoplasmica (Morgan, 1984).

Aunque la supervivencia de las plantas de judia es muy critica en las primeras
etapas de crecimiento, los mecanismos tienen poca relevancia para aumentar
directamente el rendimiento de grano. Por lo tanto, el énfasis en mejorar la
resistencia a la sequia de las plantas de cultivo debe basarse en la estabilidad de los
componentes del rendimiento y no solo en la supervivencia de las plantas. Hasta
ahora, la mayoria de los esfuerzos para mejorar el rendimiento de grano bajo estrés
por sequia se centran en rasgos secundarios como la arquitectura de la raiz, el
potencial hidrico de las hojas, el ajuste osmotico y el contenido relativo de agua en
la etapa vegetativa, que a menudo no estan muy correlacionados con el rendimiento
de grano (Jongdee, 2002; Pantuwan, 2002). De cara al futuro en los cultivos, el
enfoque eficaz de mejora de la sequia deberia ser la seleccién por rendimiento y las
caracteristicas que lo componen en condiciones de estrés por sequia en la etapa
reproductiva (Venuprasad, et al.,, 2007). Ademas, también se ha dado poca
importancia a la mejora simultanea del rendimiento de grano en condiciones
normales y de sequia. Se ha sugerido que la seleccion de tolerancia a la sequia tiene
un arrastre de rendimiento en condiciones normales. Se ha propuesto que el potencial
de rendimiento de las plantas de cultivo se seleccione simultaneamente en
condiciones favorables y de estrés ambiental, ya que existe una correlacion positiva
entre el potencial de rendimiento en condiciones normales y de estrés por sequia
(Guan et al., 2010). La combinacién de alto potencial de rendimiento en condiciones
normales con buen rendimiento bajo estrés por sequia es el rasgo ideal. La
identificaciéon de los mecanismos, rasgos y genes que regulan el rendimiento bajo
estrés por sequia que estan libres del rendimiento en condiciones normales debe ser
el centro de atencién de las investigaciones. Por ejemplo, se ha demostrado la

regulacion del rendimiento tanto en condiciones normales como de estrés por sequia
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para tres factores de transcripcién (TFs) de la familia NAC. Las plantas transgénicas
que expresan los TFs de OsNAC5, OsNAC9 y OsNAC10 mostraron un aumento en el
rendimiento de grano del 5-26% en condiciones normales (Jeong, et al., 2010, 201 3;
Redilla, et al., 2012). Sin embargo, en estos estudios, el rendimiento en condiciones
normales se ha pasado por alto con mayor énfasis en el rendimiento en condiciones
de sequia. Basu et al. (2016), afirman que dos de sus estudios muestran el potencial
de mejorar y estabilizar simultdneamente el rendimiento de grano, tanto en
condiciones normales como de estrés por sequia, utilizando dos genes reguladores,
GUDK y HYR aisladas en arroz (Ambavaran, 2014; Ramegowda, 2014). Estos estudios
indican que podria ser ventajoso identificar mecanismos y genes para aumentar el
rendimiento de grano que también sean estables o mantenidos en condiciones de
estrés por sequia.

Investigaciones realizadas por Zhou et al. (2017) han evaluado el efecto del
estrés por calor y sequia en el cultivo del tomate, y los cultivares que difieren en la
sensibilidad al calor no mostraron diferencias en la sensibilidad combinada al estrés
(estrés/calor: 32/26°C vy sin riego), lo que indica que la seleccion de tomates con
tolerancia combinada al estrés podria no estar correlacionada con la tolerancia al
estrés simple. En este estudio, el estrés por sequia tuvo un efecto predominante en
el tomate sobre el estrés por calor, lo que explicé por qué la aplicacion simultanea
de calor y sequia revelé respuestas fisioldgicas similares al estrés por sequia. Estos
resultados descubriran la diferencia y el vinculo entre la respuesta fisiolégica de los
tomates a la sequia, el calor y el estrés combinado y seran importantes para la

seleccion y mejora de cultivares de tomate tolerantes bajo estrés unico y combinado.

1.6. Efectos de la salinidad en las plantas
Segun estimaciéon de la FAO, mas del 6% de la tierra sufre de salinidad (FAO,
2015). El estrés salino es un limitante importante para la productividad de los

cultivos teniendo efectos adversos sobre la germinacién, el vigor de las plantas y el
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rendimiento de los cultivos (Munns y Tester, 2008). Muchas areas irrigadas son
sensibles a la salinizacidon por el uso de agua salobre debido a los limitados recursos
de agua dulce y al aumento de la demanda de alimentos. Mas de 45 millones de
hectareas de tierras de regadio han sido dafiadas por la salinidad en el planetay 1,5
millones de hectareas quedan fuera de produccién cada afio como resultado de los
altos niveles de salinidad en el suelo (Munns y Tester, 2008; EI-Ramady et al., 2019).
La alta salinidad afecta a las plantas de varias formas: estrés hidrico, toxicidad idnica,
trastornos nutricionales, estrés oxidativo, alteracion de los procesos metabdlicos,
desorganizacion de la membrana, reduccion de la division y expansion celular y
guenotoxicidad (Abogadallah, 2010; EI-Ramady et al., 2018). Juntos, estos efectos
reducen el crecimiento, el desarrollo y finalmente el rendimiento de las plantas.
Shrivastava y Kumar (2015), relacionan los problemas de la salinidad del suelo con:
reduccion en la produccion agricola, bajos rendimientos econdmicos, erosion del
suelo, absorcion limitada de agua en los suelos, efectos sobre las propiedades
fisicoquimicas del suelo, toxicidad iénica, estrés osmotico, deficiencia de algunos
nutrientes (N, Ca, K, P, Fe y Zn), estrés oxidativo en las plantas, reduccion de la
absorcion de fosforo de la planta debido a la precipitaciéon de iones de fosfatos y
calcio, efectos toxicos de algunos elementos como el sodio, cloro y boro en las

plantas (Fig. 3).
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Fig. 3. Efecto de la salinidad del suelo en plantas.
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Adaptado de EI-Ramady et al. (2018)
Nota: El efecto de la salinidad del suelo en las plantas incluye muchas caracteristicas
tales como una menor eficiencia de absorcién de agua; crecimiento deficiente de las
raices; disminuir la absorcion de Ca, Zn, P y NO3; pardeamiento de hojas y muerte;
cierre de estomas y proceso de fotosintesis reducido; y acumulaciéon de solutos
compatibles no téxicos.

La salinidad del suelo es un grave problema global que enfrentan las regiones
aridas y semiaridas. Este problema necesita un enfoque holistico para mejorarlo y
mitigarlo. Por lo tanto, los nuevos enfoques, incluidos los biolégicos y los
nanomateriales, deberian utilizarse en la busqueda del desarrollo sostenible. El gran
desafio que enfrenta el planeta es que mas del 50% de las tierras cultivables para el
ano 2050 estaran salinizadas (Naeem et al., 2017). Por lo tanto, los investigadores
deben buscar soluciones para superar y mitigar los diferentes riesgos derivados de
este desafio.

Por otra parte, el estrés osmoético es la consecuencia preliminar e instantanea

del estrés salino, que restringe la absorcion de agua y nutrientes por parte de la
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planta, lo que inhibe la expansién y division celular, asi como el cierre de los estomas
(Hasanuzzaman et al., 2014; EI-Ramady et al., 2018). Sin embargo, el estrés osmaético
es continta durante todo el periodo de exposicion a la sal. El estrés idénico debido a
la acumulacion de iones, especialmente Na+ y Cl-, en los tejidos vegetales es el
resultado posterior de una exposicién prolongada a la sal. Esto conduce a impactos
perjudiciales en el crecimiento de las plantas y su dindmica, es decir, desequilibrio
de la 6smosis, senescencia prematura, fotosintesis reducida, hinchazén celular,
disminucion de la produccion de energia, sintomas de toxicidad (clorosis, necrosis),
alteracion de la sintesis de proteinas e interferencia con muchas actividades
enzimaticas (Abogadallah, 2010; Ayala et al., 2014; EI-Ramady et al., 2018).

Como respuesta tipica a las tensiones ambientales y para asegurar su
supervivencia, las plantas han desarrollado una variedad de enfoques para hacer
frente a diversos factores de estrés abidtico (Gao et al., 2013). Los mecanismos
desarrollados por las plantas incluyen la resistencia a un alto contenido de sal en sus
células o el mantenimiento de un bajo contenido de sal en las células mediante la
inhibicién de la absorcién de sal por el sistema radicular. Munns y Tester (2008)
propusieron tres posibles respuestas de las plantas a la salinidad: i) la tolerancia al
estrés osmotico, ii) la exclusion de Na+ de las laminas foliares y iii) la tolerancia
tisular. Sin embargo, el grado de tolerancia a la salinidad se debe a la especie vegetal
y/o factores ecoldgicos. También influye el estado de desarrollo de las plantas, como
por ejemplo, la mayor susceptibilidad en la fase de germinaciéon, la etapa mas
sensible a la salinidad en las especies vegetales incluyendo haléfitos (Al Hassan et
al., 2014), o la etapa reproductiva que en muchas especies representa una fase mas
sensible a estrés (Alsaeedi et al., 2017).

Uno de los mecanismos mas comunes que utilizan las plantas para ajustar su
presion osmoética en condiciones estrés salino es la acumulacién de solutos

compatibles que no son téxicos a altas concentraciones celulares. Estos solutos
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compatibles se caracterizan por su bajo peso molecular y alta solubilidad; también
difieren entre diferentes especies de plantas (Hannachi y Van Labeke, 2018). La
contribucién de los osmolitos a la tolerancia al estrés no se limita a su funciéon de
ajuste osmotico, ya que tienen multiples funciones adicionales como
osmoprotectores, estabilizando directamente proteinas y  estructuras
macromoleculares en condiciones de estrés, como eliminadores de ROS o, en algunos
casos, como moléculas de sefalizacion implicadas en la induccién de cambios en los
patrones de expresion génica (Munns, 2002; Turkan y Demiral, 2009).

Los osmolitos incluyen aminas cuaternarias (por ejemplo, betainas), azucares
(por ej. manitol, sorbitol y trehalosa) y aminoacidos (por ejemplo, prolina) (Rhodes y
Hanson, 1993; McNeil et al., 1999). La prolina (Pro) es el osmolito mas comun en
plantas, que se acumula en respuesta a diferentes tipos de estrés abiotico, incluyendo
la sequia y la salinidad, en una variedad de especies vegetales (Szabados y Savouré,
2010; Verbruggen y Hermans, 2008). Ademas de su papel en el ajuste osmotico
celular, Pro tiene funciones adicionales como "osmoprotector"; estabiliza
directamente las estructuras subcelulares, como las membranas y las proteinas
elimina los radicales libres amortiguando el potencial redox, alivia la acidosis celular
y actia como molécula de sefializacién en las respuestas al estrés (Hayat et al., 2012,
Rana et al., 2017). La prolina también desempefia funciones esenciales en ausencia
de estrés, en muchos procesos de desarrollo; por ejemplo, la concentracién de
prolina aumenta durante la maduracién del polen y de las semillas.

La exposicion de plantas a estrés salino provoca una mayor generacién de
especies reactiva de oxigeno, como subproductos, que dafian los componentes
celulares (Van Breusegem y Dat, 2006). Las especies reactivas de oxigeno causan la
degradacién de la clorofila y la peroxidacién de lipidos de la membrana, reduciendo
la fluidez y la selectividad de la membrana (Verma y Mishra, 2005). La pérdida de

clorofila y peroxidacion lipidica medida como contenido de malondialdehido, un
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producto de peroxidacién lipidica, son considerados indicadores de dafio oxidativo
(Del Rio et al., 2005).

En respuesta a la salinidad, las plantas activan sus enzimas antioxidantes (p. €j.,
catalasa, glutatién reductasa y varias peroxidasas) y acumulan antioxidantes no
enzimaticos (como ascorbato, carotenoides, flavonoides y otros compuestos
fenolicos etc.) que representan sistemas de desintoxicacién para contrarrestar las
especies reactiva al oxigeno, y proteger las células del dafio oxidativo (Sairam y Tyagi,
2004).

El estrés salino induce la acumulacion de ROS que son daninos para las células
vegetales en altas concentraciones. En condiciones de alta salinidad, la produccién
de ROS aumenta drasticamente y se altera la homeostasis fisiolégica de las células.
Varios estudios han demostrado que, al igual que otros tipos de estrés abiotico, la
salinidad también induce el estrés oxidativo en las plantas a través de un aumento
de ROS, como superéxido (0:1), peroxido de hidrogeno (H;0;) y radical hidroxilo
(OH) (Mittler 2002). Para mantener el equilibrio entre la produccién y la captacién de
ROS, las plantas desarrollaron sistemas de captacion contra ROS, que implican tanto
sistemas enzimaticos como no enzimaticos.

En plantas, la principal via de eliminacion de ROS es el ciclo ascorbato-glutation
(AsA-GSH), que consiste en la oxidacién y reduccién sucesivas de ascorbato,
glutation y NADPH, catalizado por varias enzimas (Mittler, 2002). Las superoxido
dismutasas (SOD) son enzimas de primera linea en la eliminacién de ROS catalizando
la desmutacién del radical superéxido (O.--) a H;0,. Las catalasas (CAT) y las
peroxidasas de ascorbato (APX) se encargan de reducir el H,O; a H;0, esta ultima
utilizando el ascorbato como donante especifico de electrones. Glutation reductasa
(GR) es también una enzima clave del ciclo AsA-GSH utilizando el NADPH como
cofactor para catalizar la reduccion del glutatién oxidado (GSSG) a glutation reducido

(GSH) (Caverzan et al., 2016). Segun Fini et al. (2011) las enzimas antioxidantes
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representan "la primera linea de defensa contra las ROS" y sélo cuando su actividad
disminuye bajo un estrés severo se produce la biosintesis de los sistemas secundarios
no-enzimaticos de eliminacién de ROS (incluidos los fendlicos y flavonoides y otros
antioxidantes). Los carotenoides son pigmentos con varias funciones en las plantas,
ademas de su papel directo en la fotosintesis, estan involucrados en los mecanismos
de defensa del estrés oxidativo (Singh-Gill y Tuteja, 2010). Los compuestos fendlicos
también cumplen multiples funciones en las plantas, como componentes
estructurales en las paredes celulares, participando en la regulacién del crecimiento
y en procesos de desarrollo, asi como en los mecanismos de defensa contra el estrés
biotico y abidtico (Cheynier et al., 2013). Los flavonoides representan el subgrupo
principal y mas complejo de los polifenoles con una amplia gama de funciones
bioldgicas, incluida la inhibicién de la peroxidaciéon de lipidos (Di Ferdinando et al.,
2012).

La judia comun (Phaseolus vulgaris) es un cultivo vegetal importante con un alto
valor nutricional y representa un mayor consumo e importancia econdémica en todo
el mundo. Como la gran mayoria de las plantas cultivadas, la judia comudn es una
glicofita, sensible a la sal, e incluso niveles de salinidad del suelo relativamente bajos
(por debajo de 2 dS-m-') reducen significativamente la productividad del cultivo
(Maas y Hoffman, 1977). A una salinidad equivalente a 100 mM de NacCl, el
rendimiento medio de vainas por planta en la judia comun disminuye en alrededor
del 85% (De Pascale, 1997), aunque algunos cultivares parecen ser significativamente
mas tolerantes al estrés salino que otros (Gama et al., 2007; Kaymakanova y Stoeva,
2008). Se espera que las pérdidas debidas a la salinidad aumenten en un futuro
préximo al menos en las regiones aridas y semiaridas, donde se cultivan ampliamente
las legumbres debido a los efectos previstos del cambio climatico (IOCC, 2014), y la
agricultura de subsistencia en los paises en desarrollo se vera especialmente afectada

(Morton, 2007). Por lo tanto, un enfoque eficaz para aumentar el rendimiento de los
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cultivos de judias en las préximas décadas podria basarse en la selecciéon de

cultivares tolerantes al estrés salino.

1.7. Requerimientos de agua en los cultivos

El consumo agricola de agua se estima que es superior al 80% del agua
disponible en el planeta. Se puede decir que el sector agricola es el que mas consumo
de agua requiere por lo cual es importante determinar los requerimientos hidricos de
un cultivo a establecer. Los requerimientos de agua varian entre especies y cultivares,
a lo largo del crecimiento del cultivo y ademas entre el ambiente en el que éste se
desarrolla. Asimismo, es importante conocer los requerimientos hidricos de los
cultivos ya que permite decidir qué practicas de manejo aplicar para lograr un
equilibrio entre la oferta natural de agua y la demanda del cultivo, y ademas conocer
la necesidad de riego. Conocer como responden las plantas ante una pérdida de
agua a nivel molecular, comprender estos indicadores los cuales detectan la
deshidratacién y las respuestas adaptativas proporcionan una herramienta para los
investigadores del sector ya que se puede determinar la tolerancia a la sequia y
eficiencia en el uso del agua y ademas desarrollar técnicas que permitan aliviar los
efectos negativos de la sequia sobre el rendimiento de los cultivos.

Olcina (2001) explica que la sequia supone un desajuste, por defecto, en el
ritmo anual de las precipitaciones, de manera que las cantidades que se acumulan en
territorios durante las épocas humedas del ano se reducen de forma significativa
consolidandose asi un déficit hidrico pluviométrico que se traduce sucesivamente en
una merma de volumenes para el abastecimiento. Por su parte, Rico (2004) explica
gue las sequias ofrecen como denominador comun la disminucioén de lluvias durante
periodos de tiempo mas o menos prolongados y que con ello restringen la oferta
natural de recursos de agua disponible. La Calle (2007) pone de manifiesto que este
fendmeno es una situacién de escasez motivada por un descenso de las

precipitaciones de duracion e intensidad inusual. Hecho que no debe confundirse con
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la aridez o escasez habitual y natural de determinados lugares o la escasez producida
por la explotacion humana de las aguas.

Por otra parte, Rosadi et al. (2005) afirman que en condiciones de suministro
de agua limitado, la tasa de absorcién de agua del suelo por las plantas se vuelve
menor que la tasa de evapotranspiracion (ET), y las plantas de cultivo comienzan a
sufrir estrés cuando el agua del suelo cae por debajo del contenido critico de agua
del suelo. El aumento del déficit de agua en el suelo se correlaciona con la reduccién
del desarrollo de materia seca (Lopez et al., 1996a,b). Asimismo, se conoce que las
plantas solo utilizan para su crecimiento y desarrollo un 5% del agua que absorben y
el 95% restante se pierde por transpiracion y lixiviacion (Prakash y Ramachandran,
2000).

El estrés hidrico afecta los componentes del rendimiento de manera diferente
dependiendo de cuando ocurre. El requerimiento neto de agua para un cultivo de
judia es de 90 a 100 dias y varia de 350 a 500 mm, segun el suelo, el climay el cultivo
(Allen et al., 2000). La humedad adecuada del suelo (es decir, cerca de la capacidad
del campo) es esencial para una buena emergencia y establecimiento del cultivo. Sin
embargo, durante las primeras etapas de crecimiento vegetativo, las necesidades de
agua para el cultivo son relativamente bajas, por lo que los agricultores a menudo no
riegan durante las primeras 3-4 semanas después de la siembra en el oeste de los
Estados Unidos. El requerimiento de agua disminuye drasticamente después del
desarrollo de la vaina y la semilla. Ademas, se esperaria que los cultivares pequefos
de maduracién temprana tengan un requerimiento neto de agua relativamente menor
gue los cultivares altos de temporada completa y maduracion tardia. Los rasgos de
las plantas asociados con las necesidades de agua incluyen la tasa de transpiracion,
el potencial osmético, la conductancia estomdtica y la capacidad de retencién de
agua, mientras que los factores meteorolégicos mas importantes que afectan las

necesidades de agua de los cultivos son la temperatura y la humedad del aire, la
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radiacion solar y la velocidad del viento (Allen et al., 1998). En regiones cdlidas y
aridas como las que se encuentran en el sur de Idaho, el frijol seco y otros cultivos
usan grandes cantidades de agua para un crecimiento 6ptimo debido a la profusion
de energia y la influencia desecante de la atmésfera. Ademas, la remocion de vapor
se ve afectada por la velocidad del viento porque el movimiento del aire transfiere
vapor de agua sobre la superficie de una manera que se correlaciona positivamente
con la evapotranspiracion (ET, la suma del agua evaporada de la superficie del suelo
y el agua transpirada por las plantas).

Entre las diversas caracteristicas bioquimicas, morfoldgicas, fisiolégicas, de
rendimiento de semillas y caracteristicas relacionadas, los investigadores del frijol
seco han descubierto que el rendimiento de semillas medido en ambientes
contrastantes estresados por sequia (DS) y no estresados (NS) es la medida integrada
mas confiable de resistencia a la sequia (White et al. 1994; Ramirez-Vallejo y Kelly,
1998; Abebe y Brick, 2003; Frahm et al., 2004; Teran y Singh 2002). Se ha encontrado
que la heredabilidad en sentido estricto del rendimiento de semillas varia entre 0.09
+ 0.19y 0.80 = 0.15 dependiendo de la poblacién utilizada, el ambiente de cultivo
y el nivel de estrés por sequia (White et al. 1994; Ramirez-Vallejo y Kelly 1998; Singh
1995). En el frijol seco se producen grandes diferencias de resistencia a la sequia.
Entre los diversos germoplasmas de frijol seco, el frijol andino de semillas grandes
(generalmente> 40 g 100 peso de semilla - 1) (p. Ej., Rifdn rojo oscuro y rojo claro,
arandano y rifdn blanco) es el mas susceptible a la sequia, seguido por el frijol
pequefio. de frijol con semillas (p. ej., negro y azul marino con <25 g 100 semillas
de peso-1) en el oeste de los Estados Unidos (Singh et al., 2001). Los niveles mas
altos de resistencia a la sequia se encuentran en cultivares de semilla media de las
clases de mercado rosa, rojo, pinto y gran norte pertenecientes a la raza Durango
(Teran y Singh, 2002). Estos cultivares de la raza Durango (sindnimo de Gene Pool 5;

Singh, 1989) fueron inicialmente domesticados en las tierras altas semidaridas del
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centro y norte de México (Singh et al.,1991) y posteriormente introducidos en el oeste
de los Estados Unidos por nativos americanos que los cultivaron -sistemas de
produccion de subsistencia de regadio o secano, no fertilizados y libres de pesticidas
durante siglos. Para 1939, se cultivaron 476,344 acres de frijoles de tierras secas
principalmente en Arizona, Nuevo México, California, Colorado e Idaho (Mimms y

Zaumeyer,1947).
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2.1. Objetivo General

Teniendo en cuenta la tendencia de crecimiento de la poblacién humana y la del
consumo de judias a nivel global, queda patente que los estudios sobre la resistencia
a estrés abidtico de las especies de este género presentan un elevado interés. Sin
embargo, son escasos los estudios que no solo disciernen entre el grado de tolerancia
a estrés de distintos cultivares, sino que también relacionan dicha tolerancia con
mecanismos especificos. En este trabajo de investigacion nos proponemos analizar
la tolerancia al estrés hidrico y salino de variedades locales de Phaseolus lunatus y P.
vulgaris, conservadas en bancos de germoplasma del CIAT (Centro Internacional de
Agricultura Tropical), COMAV (Centro de Conservacion y Mejora de la
Agrobiodiversidad Valenciana) y el Centro de Bioplantas en Cuba, con potencialidad
de presentar una mejor respuesta al estrés que los cultivares comerciales, aunque su
productividad sea menor. La hipotesis de partida es que si, como asumimos, algunos
de los cultivares ensayados responden mejor a condiciones de estrés, esto podria
explicarse por cualquiera de los siguientes mecanismos fundamentales, no
mutuamente excluyentes: /) mejor ajuste osmotico reflejado en diferencias
cualitativas o cuantitativas en la sintesis de osmolitos; /) evitar o minimizar la
toxicidad ionica de la sal por una tasa inferior de absorcién de Na+ y Cl-; o /i) una
mejor respuesta al estrés oxidativo producido bajo condiciones de sequia o salinidad
elevada, por activacion de mecanismos antioxidantes eficientes, enzimaticos y/o no

enzimaticos.

2.2. Objetivos especificos

e Identificar cultivares locales de Phaseolus lunatus tolerantes al estrés salino.

e Caracterizar morfolégica y agronédmicamente cultivares de Phaseolus vulgaris
provenientes de Colombia, Cuba y Espafia.

e Identificar la variabilidad existente entre cultivares de dos acervos genéticos
el mesoamericano y el andino.
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Seleccionar variedades locales de Phaseolus vulgaris con potencialidad de
cultivo en condiciones ambientales menos favorables (analizando las
caracteristicas climaticas de sus zonas de origen)

Comprobar el efecto de tratamientos controlados de estrés hidrico y salino
sobre el crecimiento y desarrollo reproductivo de estos cultivares, vy
seleccionar aquellos relativamente mads resistentes a estrés.

Analizar la acumulacién en las plantas de los principales osmolitos: prolina y
azucares totales.

Estudiar los patrones de absorcién de iones monovalentes, Na+, K+ y Cl-
determinando las concentraciones de estos iones en hojas y raices.
Comprobar los niveles de estrés oxidativo en las plantas y la posible activacion
de distintos sistemas antioxidantes.
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Subcapitulo 3.1. Screening for salt tolerance in four local

varieties of Phaseolus lunatus from Spain

Reference:
Sugenith Arteaga, Mohamad Al Hassan, Wijesinghe M. Chaminda Bandara,
Lourdes Yabor, Josep V. Llinares, Monica Boscaiu and Oscar Vicente.
Screening for salt tolerance in four local varieties of Phaseolus lunatus

from Spain. Agriculture 8, 201. DOI: 10.3390/agriculture8120201
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Resultados 62

Screening for salt tolerance in four local varieties of Phaseolus lunatus from
Spain

Abstract: This study analyses the responses to moderate salinity in four local
Spanish cultivars of Phaseolus lunatus (Lima bean). Plants were exposed for three
weeks to increasing salinity (50 - 150 mM NacCl), under greenhouse conditions. At
the end of the treatments, several growth and biochemical parameters were
determined. Salt stress mostly affected the fresh weight of aerial organs, and its
reduction allowed ranking the four genotypes according to their tolerance to salinity.
Photosynthetic pigments contents remained unaltered; only carotenoids were
reduced in the least salt-tolerant cv. VPH-79. Leaf Na+ and Cl- levels increased in
parallel to the salt concentration applied, but K+ either remained constant, as in the
most tolerant BGV-15410, or increased in the others, resulting in an unchanged
K+/Na+ ratio under stress in two of the selected cultivars. Moreover, proline increased
in all cultivars, most notably in cv. VPH-79; the highest absolute levels were
registered in the more salt-tolerant cultivars, which already showed a relatively
higher proline content in non-stressed plants. These findings indicate that P. /lunatus
is moderately salt tolerant and that its main mechanisms to adjust to salinity stress

are the maintenance of high levels of K+ and proline accumulation in leaves.

Keywords: Lima bean; salt tolerance, growth parameters, ionic homeostasis,
osmolytes, proline

3.1.1. Introduction

Lima bean, Phaseolus lunatus L., is an important crop, which ranks second among
beans - only superseded by common beans, Phaseolus vulgaris - regarding
consumption and cultivated land (Lopez-Alcocer et al., 2016). Though originating
from Mesoamerica and the Andes (Martinez-Castillo et al., 2014), its area of
cultivation has since spread, covering many tropical and subtropical areas around the

world; notably in Africa and North America, where the United States is now the leading
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producer of P. lunatus (Baudoin, 2006). In Europe, it is cultivated at a small scale in
the Mediterranean countries, mostly in Spain, where is an ingredient of the traditional
rice dish “paella”.

Following spreading from its original distribution area, the species, as many others
crops with American origin, diversified through adaptation and hybridisation into
many local genotypes, due to the need to acclimate to different climatic and ecologic
conditions (De Ron et al., 2016). However, this diversity is being threatened by
contamination, global warming, and changes in land use (urbanisation,
industrialisation or cultivation of other, more valuable crops).

The different P. /unatus varieties have been developed, selected, and bred by
farmers for many centuries and represent an important source of genetic variability.
However, as traditional farming methods are being replaced by industrialised
cultivation owned by large agricultural companies, the maintenance of local varieties
and hence diversity is being lost (Casado et al., 2009); a loss that is irreversible, and
that affects the stability of agro-ecosystems and increases the vulnerability of crops.
The reduction of genetic diversity decreases the chance of adapting agriculture to
future challenges triggered mostly by global warming (Jackson et al., 2013),
especially since the genotype used extensively in agriculture were selected for their
high productivity or resistance to some diseases and pests, and generally not bred
for increased tolerance to abiotic stress (Fita et al., 2015).

Nonetheless, selection of genotypes better adapted to abiotic stress is recently
gaining interest due to the forecasted worsening environmental conditions due to
global warming, desertification, and pollution. This is especially important in
countries around the Mediterranean, where more extended, frequent and severe
drought periods are predicted to occur shortly (IPCC, 2014). This bleak situation is
further compounded with the scarcity of water suitable for irrigation, especially in

arid and semi-arid areas, making unavoidable the use of low-quality, brackish
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irrigation water. The progressive accumulation of salts dissolved in irrigation water
will step up, thus worsening the problem of secondary salinisation that is significantly
contributing to the reduction of crop yields worldwide and causing the loss of more
than 10 million hectares of arable land every year since the beginning of this century
(Fita et al., 2015; Owens et al., 2001). These losses could be explained by the
deleterious effects of salt on plants, affecting their water potential and the ability of
ion uptake, and causing ion imbalance and toxicity, associated with oxidative stress
(Grattan et al., 1999; Parida and Das, 2005). Plant tolerance to salt stress is extremely
complex, as numerous interactions take place between stress-induced factors and
the physiological and biochemical processes affecting plant development (Gepts and
Huang, 2014; Munns and Tester, 2008). All plants, tolerant or not, activate the same
basic responses against increased salinity, including inhibition of growth,
degradation of photosynthetic pigments, regulation of ion transport, accumulation
of compatible solutes, and activation of antioxidant systems (Gepts and Huang, 2014;
Szabados and Savoure, 2007; Ashraf and Foolad, 2005; Volkov, 2015). The efficiency
in the use and balance of these mechanisms, under specific conditions, will determine
the relative degree of salt tolerance of a given species.

The present work focuses on salt tolerance mechanisms in four Spanish landraces
of P. lunatus. Studies on the effects of abiotic stress on lima bean are scarce (Bayuelo-
Jiménez, et al., 2002; Rodrigues Do Nascimento, 2017) and, to our knowledge, this
is the first report on the physiological and biochemical responses to salt stress in this
species. Our working hypothesis was that genotypes better adapted to salinity, if any
could be identified, will rely for their tolerance on some of the conserved mechanisms
described above. Therefore, growth responses to saline stress of the four genotypes
were correlated with stress-induced changes in leaf levels of photosynthetic pigment,
monovalent ions and compatible solutes. Apart from contributing to elucidate the

mechanisms of salt tolerance in this species, this study may also have a direct
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practical application for the efficient screening of local landraces to identify tolerant

genotypes.

3.1.2. Materials and Methods

Plant Material

Seeds of four local cultivars of P. lunatus from Spain were provided by the
Germplasm Bank of COMAV (Institute for Conservation and Improvement of Valencian
Agrodiversity, Universitat Politecnica de Valéncia, Valencia, Spain). Three cultivars
originated from the Province of Valencia (BGV-12848 collected at Benavites; VPH-79
from Benaguacil, and BGV-15410 from Meliana), and one (BGV-1588) originated from

Soller, Mallorca, in the Balearic Isles, were used in this study.

Plant Growth and Stress Treatments

Seeds were individually germinated in T L pots (11 cm in diameter) with a standard
substrate (peat and vermiculite, 1:1) moistened with half-strength Hoagland nutrient
solution prepared with deionised water and with an electrical conductivity (EC) of ~0.8
dS m—1 [19]. When plants acquired one to three pairs of trifoliate leaves and reached
a height of about 25 cm, the pots were placed in 55 x 40 cm plastic trays (10 pots
per tray) and salt treatments (50, 100, and 150 mM NaCl) were started. Control plants
were watered twice a week by adding 1.5 L half-strength Hoagland nutrient solution
to each tray, whereas those under salt treatments were watered by adding to the trays
the same volume of nutrient solution supplemented with NaCl at the final
concentrations indicated above; trays were thoroughly washed with tap water and
then rinsed with deionised water before each new addition of saline solutions. The
treatments were applied during three weeks in a growth chamber under the following
controlled conditions: long day photoperiod (16 h of light and 8 h of darkness),
temperature of 23 oC during the day and 17 oC at night, and relative humidity ranging
between 50% and 80%. Five plants (biological replicas) were used per cultivar and per

treatment.
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Soil Analysis

The electrical conductivity (EC1:5) of the substrate was checked at the end of the
treatments. Soil samples were taken from the five individual pots per treatment, air-
dried and then passed through a 2 mm sieve. A soil: water (1:5) suspension was
prepared in distilled water and stirred for one h at 600 rpm at room temperature. EC
was measured with a Crison Conductivity meter 522 (Crison Instruments SA,

Barcelona, Spain) and expressed in dS m-1.

Plant Growth Parameters

At the conclusion of the experiment, plant materials (roots, stems, and leaves)
were sampled separately. The following growth parameters were analysed: root and
stem length, basal stem diameter, number of leaves, and fresh weight of roots, stems,
and leaves. Part of the harvested leaf material from each sample was weighed (FW),
dried in an oven at 65 oC for 48 to 72 h until constant weight, and then reweighed
(DW) to calculate the water content, in percentage, of each sample, with the following
formula: WC = [(FW — DW)/FW] x 100 (Gil et al., 2014). Fresh material was stored at

—20 oC for further analyses.

Photosynthetic Pigments

Photosynthetic pigments, including chlorophyll a (Chl a), chlorophyll b (Chl b), and
carotenoids (Caro), were quantified using 100 mg of fresh leaf material ground in 30
mL ice-cold 80% aqueous acetone. The sample was centrifuged 10 min at 12,000
rpm, the absorbance of the supernatant was measured at 663, 646, and 470 nm, and
pigment concentrations were calculated according to validated formulas
(Lichtenthaler and Wellburn, 1983):

Chl a (|.,Ig mL-1 ) =12.21 (A663) — 2.81 (A646),

Chl b (g mL-1) = 20.13 (As46) — 5.03 (As63),

Caro (ug mL-1) = (1000A470 — 3.27[chl a] — 104[chl b])/227.
Final values were expressed in mg g-1 DW.
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lon Content Measurements

Samples were extracted by incubating 0.15 g of ground dry leaf material in 25 mL
of water for one h at 95°C in a water bath, followed by filtration (Weimberg, 1987).
Sodium and potassium were measured in a PFP7 flame photometer (Jenway Inc.,

Burlington, VT, USA) and chlorides using a chloride analyser.

Osmolyte Quantification.

Proline (Pro) determination was performed following the classical method
described by Bates et al. (Bates and Waldren, 1973), with small modifications
introduced in the laboratory (Gil et al., 2014). Fresh leaf material was extracted in a
3% (w/v) sulfosalicylic acid solution, then mixed with acid ninhydrin, incubated for
one h at 95°C, cooled on ice and extracted with two volumes of toluene. After
collecting the supernatant, its absorbance was read at 520 nm, using toluene as a
blank. Total soluble sugars (TSS) were extracted from dry leaf material with 80% (v/v)
methanol, mixed on a rocker shaker for 24 hours and then measured
spectrophotometrically at 490 nm, following the phenol/sulphuric acid method
(Dubois et al., 1956). TSS contents were expressed as “mg equivalent of glucose” per

g DW.

Statistical Analysis

The program Statgraphics Centurion XVI was used for the statistical analysis of the
generated data. Before variance analysis, the validity of the normality assumption was
checked by the Shapiro-Wilk test and the homogeneity of variance using the Levene
test. Once it was established that ANOVA requirements were fulfilled, one-way
ANOVA, followed by post-hoc Tukey HSD test, was applied to analyse the effect of
salinity within each variety; two-way ANOVAs were used to check the effect of both,
treatment and variety, and their interactions. All results were expressed as means

(n=5) followed by standard errors (SE), and ANOVA was pe rformed at 95%
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confidence level. A Principal Component Analysis (PCA) was performed to analyse the

effect of salinity, indicated by the substrates EC, on the four cultivars.

3.1.3. Results

Substrate and Plant Growth Analyses

After three weeks of salt treatments, the electric conductivity of the substrates
showed a significant increment in all four studied cultivars and all saline treatments (Table 3). As
expected, the highest EC was registered in the pots watered with 150 mM NaCl, recording about a four-
fold increase in comparison with EC measured in the respective controls. On the other hand, no
significant inter-cultivar differences were detected, as shown in

Table 4

The morphological parameters analysed in roots (Table 3) indicated a high variability between
the cultivars (

Table 4). We could not detect any clear trend for changes in the root length, in
relation to the applied treatments, as the measurements showed a fluctuation with
increasing added salt. Root fresh weight did not vary significantly in the cultivars
VPH-70 and BGV-12848, whereas in the remaining two (BGV-1541 and BGV-1588)
it increased in the presence of 100 or 150 mM NaCl. On the other hand, root water
content was similar among cultivars and did not change significantly in the different
treatments. Stem length and stem diameter recorded significant changes under salt
stress only in the cultivar BGV-1588, though not progressive with increasing NaCl
concentrations. Stem fresh weight largely varied, not only between genotypes but
also between samples, whereas stem water content differed significantly between
genotypes - especially in control plants - but not when comparing salt-stressed and
non-stressed plants. Therefore, considering changes in root and stem parameters, a
tendency of growth reduction with increasing salinity was noticed in the four
cultivars, but no clear patterns of variation were observed (Table 3).

The number of leaves diminished significantly in all four cultivars under salinity,

and this reduction was most profound in the leafier cultivar VPH-79, which in the
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control had an average of 44 leaves per plant. Leaf FW weight also decreased in all
cultivars. Leaf water content did not vary as a consequence of the salt treatment,
except for the slight (about 8%) but significant decrease observed in the cultivar BGV-
12848, indicating that P. /unatus is quite resistant to salt-induced leaf dehydration
(Table 3).

To gain a better understanding of the effects of salinity on plant growth, the fresh
weights of roots, stems, and leaves of each plant were summed and the obtained
values were expressed as the percentages of FW reduction with respect to their
respective controls (last row in Table 3). In this way, salt-induced growth inhibition
for each cultivar and their relative degree of salt tolerance were established. Cultivar
VPH-79, with a FW reduction of almost 74%, appeared to be the most sensitive to
salinity, followed by BGV-12848, whereas BGV-15410 - which lost only ~ 37% of the
control FW in the presence of the highest NaCl concentration tested (150 mM) - would
be the most tolerant according to this criterion.

Table 3. Effect of salinity on electric conductivity in the pots and on plant growth
parameters, for the four Phaseolus lunatus cultivars. Means followed by SE (n = 5). Different
letters indicate significant differences within each cultivar according to the Tukey’s test
(a=0.05). p values according to one-way ANOVA

Trait Treatment VPH-79 BGV-12848 BGV-15410 BGV 1588
(mM Nacl)

0 0.40+0.03a 0.3340.05a 0.28+0.02a 0.47+0.14a
50 0.8140.12a 1.02+0.11ab 1.02+0.29b 1.09+0.21ab
Soil 100 1.57+0.11b 1.39+0.15b 1.68+0.07c 1.31+0.19b
ECus 150 1.82+0.15b 1.81+0.44b 1.8140.05¢ 1.77+0.07b
- 0 27.2043.33a 26.60+1.80a 39.75+3.60a 45.203.82a
ength 50 31.50+1.37a 32.50+1.5b 33.00+2.58a 35.67+2.40a
il 100 40.00+1.15b 25.20+1.95a 37.50+4.33a 34.00+4.972
150 27.00+3.05a 30.00+1.00b 39.003.90a 41.0046.542
Root 0 4.65+0.83a 3.02+0.59a 2.78+0.18a 2.48+0.17ab
W 50 3.54+0.41a 2.81+0.41a 2.59+0.36a 1.99+0.472
100 3.67+0.35a 2.73+0.41a 4.1740.59ab 3.37+0.80ab
() 150 3.81+1.14a 2.5240.37a 6.24+1.07b 4.03+0.56b
- 0 88.60+0.46a 91.18+1.02a 83.71+1.25a 84.08+6.672
we 50 89.09+0.84a 98.87+0.51a 86.26+2.07a 84.03+0.982
) 100 87.64+0.24a 91.01+0.70a 81.83+4.61a 87.74+0.752
150 88.2345.50a 89.1740.52a 85.3340.73a 87.14+0.592
0 188.56+0.85a 115.00+12.7a 131.40+11.1a 162.20+11.5b

50

162.67+15.9a

150.25+8.51a

148.90+25.9a

121.20+11.5ab
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Stem 100 172.83+11.7a 147.20+9.98a 129.50+6.85a 88.20+5.042
'(i”mg)th 150 155.33+21.4a 115.33+11.6a 159.00+7.37a 132.75+21.5ab
stem 0 5.88+0.16b 6.01+0.09a 5.00+0.36a 4.49+0.33ab
diamer 50 4.75+0.41a 5.09+0.36a 4.49+0.21a 5.03+0.24b
sl 100 4.91+0.14ab 5.36+0.34a 5.16+0.25a 3.99+0.112
150 5.34+0.29ab 4.13+0.60a 4.49+0.21a 4.92+0.20b

0 30.79+2.73b 14.99+5.12a 17.54+2.08a 16.78+2.85b

Stem FW 50 16.77+4.12a 12.81+2.78a 10.62+1.87a 11.79+1.17ab
@ 100 13.611.24a 11.65+1.48a 11.20+2.35a 7.77+1.122
150 12.78+1.33a 6.96+0.93a 13.02+1.67a 13.89+0.79ab

stem 0 81.22+0.88a 85.53+2.12a 84.2942.57a 83.25+10.552
we 50 77.90+0.76a 80.93+2.03a 83.07+2.45a 81.50+1.362
) 100 79.00+1.47a 81.01+0.55a 83.071.25a 84.67+1.032
150 78.28+1.51a 81.90+0.55a 81.76+0.57a 83.37+0.492

0 44.80+2.80b 19.20+4.02a 33.20+4.04b 27.20+3.70b

Leaf 50 22.83+5.61a 16.25+4.44a 18.60+3.64ab 19.00+1.89ab
number 100 17.83+0.98a 15.20+1.15a 24.67+3.65ab 10.60+1.162
150 12.67+1.45a 9.33+1.52a 13.75+3.38a 10.80+1.732

Lot 0 61.1845.53b 42.49+8.25b 25.05+3.64b 20.26+3.47b
W 50 26.80+9.83a 25.05+3.64a 20.95+3.91b 13.05+2.68ab
100 12.12+2.44a 18.85+2.51a 19.23+4.20b 5.08+1.902

() 150 8.89+1.40a 7.04+1.29a 9.82+4.16a 5.08+1.902
Lot 0 85.27+0.18a 89.88+2.33b 86.53+0.91a 84.78+0.602
we 50 82.63+2.29a 85.14+0.65ab 87.98+2.12a 84.78+0.602
) 100 81.64+2.26a 84.66+0.28ab 79.24+10.64a 85.09+0.412
150 78.66+3.57a 83.07+1.52a 80.99+4.18a 78.89+6.492

Total 0 0 0 0 0
FW 50 51.25 32.77 38.21 32.09
?,Z;j“cm” 100 69.57 45.08 24.67 55.73
150 73.63 59.39 36.68 41.78

Table 4. Significance of variation (P values) according to two way ANOVA testing the
effect of treatment (Variable 1) and genotype (Variable 2) and their interactions for all
morphological and biochemical traits analysed.

Parameter Treatment (VAR 1) Species (VAR 2) VAR1*VAR2
EC 0.000 0.932 0.785
Root length 0.871 0.000 0.004
Root FW 0.002 0.001 0.012
Root WC 0.493 0.557 0.309
Stem diameter 0.082 0.057 0.027
Stem length 0.404 0.000 0.017
Stem FW 0.000 0.000 0.033
Stem WC 0.063 0.000 0.763
Leaves no. 0.000 0.000 0.763
Leaf FW 0.000 0.000 0.000
Leaf WC 0.044 0.232 0.632
Total FW 0.000 0.000 0.000
Chla 0.647 0.000 0.715

Chlb 0.785 0.989 0.008
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Caro
Pro
Na*
K+
cr
K/Na
TSS

0.014
0.000
0.000
0.000
0.000
0.000
0.539

0.000
0.000
0.000
0.002
0.003
0.000
0.000

0.000
0.002
0.010
0.010
0.606
0.009
0.041

Photosynthetic pigments

71

A common effect of salt stress is the degradation of photosynthetic pigments

(chlorophyll a and b, and carotenoids). In the lima bean cultivars analysed here, there

were only small, non-significant variations of chlorophylls levels. Total carotenoids

contents were significantly reduced only in cultivar VPH-79 and even increased in

BGV 15888 (Table 5). Regarding variations between cultivars, they were significant

for chlorophyll and carotenoids (

Table 4).

Table 5. Effect of salinity on photosynthetic pigments (Chla, chlorophyll a; Chlb, chlorophyll

b, Caro, carotenoids) contents of plants of the four Phaseolus lunatus cultivars. Means

followed by SE (n = 5). Different letters indicate significant differences withing each cultivar
according to the Tukey s test (a«=0.05)

Treatment

(mgP?{";";) (mM VPH-79 BGV-12848 ﬁgv' BGV 1588
NacCl)

0 6.33£0.07a 6.240.77a 5.14+0.44a 4.17+0.66a

hia 50 5.60+0.44a 5.71+0.85a 6.05£0.37a 3.8140.27a
100 5.41+0.97a 6.50+0.98a 5.84+1.02a 3.03+0.85a
150 5.25+0.28a 6.020.65a 5.25+0.28a 3.89+0.88a
0 3.17+0.49a 2.37+0.26a 2.80+0.22a 2.22+0.07a

chib 50 2.35:0.26a 2.14+0.39a 2.43+0.41a 2.38+0.11a
100 1.89+0.39a 2.3240.18a 2.44+0.78a 2.77+0.80a
150 1.58+0.13a 2.1310.14a 1.93+0.69a 2.0240.382
0 2.69+1.04b 0.67+0.09a 0.49+0.04a 0.54+0.152

Car 50 0.97+0.25a 0.91+0.16a 0.730.14a 0.63+0.21ab
100 1.2640.13a 0.90+0.14a 0.62+0.22a 0.84+0.17ab
150 1.48+0.16ab 1.2940.14a 1.0840.24a 1.3240.11b
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lonic accumulation

Leaf contents of sodium (Na+) and chloride (Cl-) increased in the four cultivars in
parallel with increasing external salinity (Fig. 4 A). Maximum absolute concentrations
of both ions were therefore registered in the presence of 150 mm NaCl. The relative
increases with respect to the corresponding controls, grown in the absence of salt,
varied between 3 and 5-fold for Na+ and between 5 and 7-fold for Cl-, approximately.
Interestingly, K+ contents did not vary significantly in the most salt-tolerant cultivar,
BGV-15410, whereas they increased in the leaves of salt-treated plants; it should be
mentioned that, in the absence of external NaCl, K+ concentration was higher in BGV-
15410 and BGV-1588, the most tolerant cultivars, than in the most salt-sensitive,
VPH-79 and BGV-12848 ( Fig. 4 C). The combined variation in Na+ and K+ contents
resulted in a reduction in K+/Na+ ratios in two cultivars, BGV-12848 and BGV-1588,
and no changes in the remaining two (Fig. 4 D).

Fig. 4. Leaf monovalent ions contents (umol g-1 DW) and K+/Na+ ratios in plants of the
four Phaseolus lunatus cultivars, grown for three weeks in the presence of the indicated NaCl

concentrations.
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Note: Means followed by SE (n = 5). Different letters indicate significant differences within each
cultivar according to the Tukey s (o = 0.05).
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Osmolytes accumulation

Cellular osmotic adjustment requires the synthesis and accumulation of
compatible solutes or osmolytes under conditions that generate osmotic stress, as it
is the case for the salt treatments. Leaf proline (Pro) levels increased in response to
increasing external NaCl, in a concentration-dependent manner (Fig. 5 A). Pro
concentrations were highest in plants of the two most salt-tolerant cultivars (BGV-
1540 and BGV-1588), both in the controls and in the stressed plants (Fig. 5 A). Total
soluble sugars (TSS) contents differed in the selected P. lunatus cultivars but did not
vary significantly in any of them in response to the stress treatment (Figure Fig. 5B

and

Table 4).

Fig. 5. Leaf osmolyte contents in plants of the four Phaseolus lunatus cultivars, grown for
three weeks in the presence of the indicated NaCl concentration.
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Note: Proline (Pro) (A) and total soluble sugar (TSS) levels (B). Means followed by SE (n = 5).
Different letters indicate significant differences within each cultivar according to the Tukey s
test (o = 0.05)

Principal component analysis (PCA)

A PCA was performed including all measured parameters in the four analysed L.
lunatus cultivars. The biplot of the two main components, which together explain
60% of the total variability, is shown in Fig. 6. The electric conductivity of the

substrate (i.e., salinity) is positively and strongly correlated with the concentrations
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of monovalent ions and proline, and negatively correlated with growth parameters,
especially with leaf fresh weight, leaf water content or number of leaves, as well as
with total fresh weight. Only in the absence of stress, and not for the salt treatments,
a clear separation of the four cultivars can be observed in Fig. 6, where symbols
corresponding to non-stressed controls are framed. Cultivars BGV-15410 and BGV-
1588 appear very close to each other, whereas VPH-79 is very distant from the other
three due to its particular morphological features, as this cultivar has a considerably
higher number of leaves, the longest stem, and the highest fresh weight.

Fig. 6. Principal Component Analysis (PCA).
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Note: Changes in growth parameters, photosynthetic pigments monovalent ions and osmolytes levels

in plants growth under salt stress conditions for one month, with respect to the corresponding control,
non-stressed plants of the four local cultivars of Phaseolus lunatus. : VPH-79 (red) BGV-12848 (blue),
BGV-15410 (green), and BGV 158 (grey). Framed squares correspond to control treatments.
Abbreviations: EC, substrate electric conductivity; RFW, root fresh weight, RWC, root water content; SD,
stem diameter; SFW, stem fresh weight; SWC, stem water content; Lno, leaf numbers; LFW, leaf fresh
weight, LWC, leaf water content; TFW, total fresh weight; Chla, chlorophyll a; Chla b, chlorophyll b; Caro,
carotenoids; Na, sodium; K, potassium; Cl, chlorine; Pro, proline, TSS, total soluble sugars.

3.1.4. Discussion
The work presented here represents, to our knowledge, the first report on the
effects of, and the responses to, salt stress in Phaseolus lunatus. The information

gained from these experiments performed on four local Spanish lima bean cultivars
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may contribute to the development of efficient screening methods to select Phaseolus
genotypes relatively tolerant to salinity for the benefit of breeders and farmers, and
to help conserve genetic diversity in this crop.

Growth reduction is a general response in all glycophytes facing salt stress. Even
among halophytes (‘salt-loving’ plants), only some extremely tolerant dicotyledonous
succulent taxa have been reported to improve growth in the presence of low or
moderate salt concentrations (Flowers and Colmer, 2008). A reduced growth rate
allows the redirection of plant resources towards the defence against stress factors
(Zhu, 2001). Quantitative assessment of growth inhibition under saline conditions is
extremely reliable when ranking genotypes according to their relative degree of
tolerance (Al Hassan et al., 2016). Of the four lima bean genotypes analysed in this
study, cultivar BGV-15410 proved to be the most salt tolerant, whereas VPH-79 was
the most sensitive to salt stress. The effects of salt stress were more clearly observed
in the leaves of the plants, which showed significant reductions in their number and
fresh weight. However, aside from BGV-12848, water content percentages in the
tested plants did not decrease, indicating the presence of efficient mechanisms to
avoid salt-induced dehydration, counteracting the osmotic stress generated by
salinity; therefore, growth impairment probably resulted from the ‘ion toxicity’
component of salt stress.

In an attempt to pinpoint the mechanisms likely to be responsible for salt tolerance
in this species, the concentrations of several biochemical markers associated with
specific response pathways were determined in control and salt-stressed plants. A
decrease in chlorophyll concentration has been observed in many legume species
under high salinity conditions (Taffouo et al., 2010; Taibi et al., 2016); this is due to
both the inhibition of enzymes associated with chlorophyll synthesis and the
activation of the chlorophyllase responsible for its degradation (Soussi et al., 1998;

Santos, 2004). However, no significant changes in chlorophylls concentrations were
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detected in any of the four P. /unatus cultivars. On the other hand, carotenoids had a
significant reduction in the most salt-sensitive cv. VPH-79, but did not vary in BGV-
12848 and BGV-15410, and increased in BGV-1588. The absence of variation in the
chlorophyll content does not implicitly mean salt tolerance, as other factors (not
considered here) may result in the significant drop of leaf number and biomass
observed in the most sensitive cultivars. Nevertheless, the lack of salt-induced
chlorophyll degradation observed in our experiments probably contributes to a
higher resistance to salinity of P. lunatus in comparison to other legume species. Salt
resistance in several Phaseolus species, and also in different P. vulgaris cultivars, has
been associated with Na+ exclusion from the aerial part of the plants, as well as with
the maintenance of steady K+ concentrations in the leaves (Gil et al., 2014; Jacobi,
1964; Kramer et al., 1977; Seemann and Critchley, 1985; Bayuelo-Jiménez et al.,
2012; Gama et al., 2007; Al Hassan et al., 2016). Potassium is considered to be one
of the ‘physiological’ cations essential for plant metabolism, growth, and
development (Gierth and Maser, 2007), whereas high Na+ concentrations have
harmful effects on non-halophytic plants, inhibiting many enzymatic activities and
cellular processes (Rodriguez-Navarro and Rubio, 2006; Adams and Shin, 2014).
Moreover, increased concentrations of Na+ are generally associated with a reduction
of K+, as both cations compete for the same binding sites, and Na+ reduces K+ uptake
into the cell by using its membrane transport proteins. Many salt-tolerant plants can
maintain high concentrations of K+ when exposed to salinity, as has been described,
for example, in Thellungiella halophila, a salt-tolerant relative of the glycophyte
Arabidopsis thaliana (Volkov et al., 2003). Leaf K+ concentrations were maintained or
increased—especially at high external NaCl concentrations—in response to the salt
treatments in the lima bean cultivars analysed here. Interestingly, K+ concentrations
in non-stressed plants were higher in BGV-15410 and BGV-1588, the two most salt

tolerant cultivars. Higher K+ contents in the absence of salt may represent an innate
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defence mechanism, which could enable these two cultivars to better adjust to saline
conditions. Ensuring high concentrations of K+ in leaves of salt-stressed plants can
be considered as a basic, general mechanism of tolerance in lima beans. These data
are in agreement with the essential role of K+ in the responses of plants to salinity
(and to other biotic and abiotic stresses), reiterating the necessity to optimise K+
fertilisation to avoid its deficiency in the soil (Wang et al., 201 3) when cultivating lima
beans, as for many other crops.

The biochemical parameter that clearly separated the four studied cultivars was
the concentration of proline measured in leaves at the end of the salt treatments.
Proline is a common osmolyte in plants, which accumulates not only under conditions
of salt stress, but also in response to other abiotic stresses such as drought, extreme
temperatures, nutritional deficiencies, presence of heavy metals, air pollution, or high
UV radiation and, in some cases, to pathogen infection in plants (Hare and Cress,
1997; Saradhi et al., 1995; Siripornadulsil et al., 2002). Besides its key role in cellular
osmotic adjustment under stress, it is also involved in the stabilisation of
macromolecular structures, such as membranes and proteins (Siripornadulsil et al.,
2002), and in free radical scavenging (Verbruggen and Hermans, 2008; Smirnoff and
Cumbes, 1989). In our study, BGV-1540 and BGV-1588, the two cultivars that
showed the highest salt tolerance (considering the relative degree of growth
inhibition), recorded significantly higher leaf concentrations of Pro in comparison to
the other two cultivars, both under salt stress and in control conditions.

There is no clear correlation between Pro concentrations and stress tolerance in
species of the genus Phaseolus. In common beans, some reports detected higher Pro
concentrations in the most tolerant cultivars (Cardenas-Avila et al., 2006), whereas
in others the highest levels were found in the most sensitive cultivars (Jiménez-
Bremont et al., 2006). Al Hassan et al. (Al Hassan et al., 2016) measured lower Pro

concentrations in the most tolerant P. vulgaris cultivars analysed, but total Pro
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concentrations were well below those determined in P. lunatus in the present work.
Proline appears to play an important role in osmotic adjustment in lima beans, and
the higher Pro concentrations present in the two most salt-tolerant cultivars most

likely are responsible, at least partially, for this tolerance.

Conclusions

In conclusion, the data presented here showed that, during vegetative growth,
some cultivars of P. lunatus could tolerate three weeks of exposure to salinities as
high as 150 mM NacCl, in agreement with previous reports indicating that this crop
could be moderately salt-tolerant. However, these studies must be extended to
longer saline treatments during a complete life cycle, including the assessment of the
effects of salinity on agronomic traits, such as crop yield and quality, before
concluding on the salt tolerance of lima bean cultivars. In any case, our results
provide information on the basic mechanisms contributing significantly to salinity
tolerance in this species, which include the maintenance, or increase, of K+
concentrations and the accumulation of Pro in leaves, in response to the salt stress
treatment. These mechanisms appear to be, in part, innate, as relatively higher K+
and Pro levels have been measured in the most tolerant cultivars also in the absence
of stress. Therefore, determination of leaf concentrations of Pro and K+ may
represent a rapid and simple strategy to screen large numbers of lima bean cultivars
in order to pre-select those genotypes with a higher probability to be more salt

tolerant.
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Morphological and Agronomic Characterization of Spanish Landraces of Phaseolus
vulgaris L
Abstract: Beans (Phaseolus vulgaris L.) originated on the American continent,
specifically in the Mesoamerican zone, and their domestication took place
independently in the Mesoamerican area and the Andean zone, giving rise to two
well-differentiated genetic pools. It was also noted that the Andean wild populations
originated from only a few thousand individuals from the Mesoamerican wild
populations, which produced a great bottleneck in the formation of the Andean
population. During centuries of cultivation in the Iberian Peninsula after its
introduction in the 16th century, beans adapted to new environments, evolving
numerous local landraces. Twenty-four local landraces of P. vulgaris from Spain were
analyzed in the greenhouse during two consecutive seasons. From each genotype,
five plants were grown and characterized for 17 quantitative and 15 qualitative traits
using the International Board for Plant Genetic Resources (IBPGR) descriptors. Data
were analyzed statistically by analysis of variance (ANOVA), principal component
analysis (PCA), and cluster analysis. The results obtained indicate a high variability
for most traits, especially those related to the yield and its components. The PCA and
cluster analysis separated the landraces according to the color of the seed, the yield,
and the pod and seed traits related to yield. Numerous traits exhibited interactions
between the genotype and the environment. Most accessions reached higher yields
in spring, in which solar radiation favors photosynthesis and, consequently,
photoassimilation. The different response to the changing environment of the set of
accessions studied in the present work is of great interest, and it can be exploited in
breeding cultivars adapted to a broader range of environmental conditions.

Keywords: common bean; local landraces; germplasms bank; variability
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3.2.1. Introduction

Common bean (Phaseolus vulgaris L.) is one of the most important legume crops.
The world production of beans in 2017 was 57,496,465 tons, cultivated on
38,229,984 hectares. Asia is the continent with the highest production at 38,045,186
tons, and Europe is the continent with the lowest production at 2,305,846 tons. In
the European Union, the countries with the highest production are France, Lithuania,
and Spain with 370,050, 230,112, and 183,324 tons, respectively. Castilla y Ledn is
the community with the largest area and production of beans in Spain, followed by
Galicia and Asturias (FAO, 2019).

According to archeological, botanic, historical, and linguistic data, Gepts and
Debouck (Gepts and Debouck, 1991) deduced that the common bean originated in
the area between northern Mexico and northeastern Argentina. Due to the wide
distribution of its wild ancestor through Mesoamerica and South America, the species
was domesticated in two separate areas, the Mesoamerican and the South Andean.
This resulted in two different gene pools based on differences in the phaseolin seed
protein (Gepts, 1990), molecular markers (Koening and Gepts, 1989; Tohrme et al.,
1996; Beebe et al., 2000; Duran et al., 2005), and morphological traits (Gepts and
Debouck, 1991; Singh et al., 1991). The Mesoamerican gene pool extends from
Mexico through Central America to northern Colombia, whereas the Andean one
covers Peru, Chile, Bolivia, and northern Argentina. However, more recently, Bitochi
et al. (2012) conducted a study to solve the ongoing debate on the origins of the
common bean, by investigating the nucleotide diversity at five gene loci of a large
sample that represents the entire geographical distribution of the wild forms of this
species. Their results clearly indicate a Mesoamerican origin of the common bean and
the occurrence of a bottleneck during the formation of the Andean gene pool.

The first varieties of P. wvulgaris, corresponding to small-grain Mesoamerican

genotypes, were introduced in Spain and Portugal around 1506 (Ortwin-Sauer, 1966)
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and from South America around 1532 (Brucher and Brucher, 1976; Debouck, 1995).
Later on, gradually, Andean genotypes of large grain were also introduced as new
territories were explored in the New World (Brucher and Brucher, 1976; Debouck,
1995). This germplasm spread throughout the Spanish territory and adapted to new
environments, in terms of temperature and cropping systems, especially in the north
and northwest of the Iberian Peninsula, which is the area where the greatest genetic
variability was found (Santalla et al., 2002). On the other hand, the cultivation of
germplasm of both genetic stocks occurred in proximal areas, in small farms, which
favored the genetic flow between them, contrary to the genetic isolation that existed
in America. This led to recombination between both genetic stocks, resulting in new
genetically intermediate forms with both Mesoamerican and Andean phenotypes. The
Iberian Peninsula can be considered as a secondary center of diversification of this
species since beans were cultivated here for centuries in different agrosystems
(Pinheiro et al., 2007). Although commercial varieties largely displaced landraces,
there are still farmers who grow them for self-consumption and sale in local markets,
especially in the north and northwest of Spain, where there is a marked tradition of
this crop.

A huge number of accessions of this crop were collected and conserved in
germplasm banks, and its genetic diversity was assessed in many different studies.
Some of the most important collections are stored at the Center for Tropical
Agriculture (CIAT, Cali, Colombia), the Western Regional Plant Introduction Station,
Pullman (Washington, USA), Institut fir Pflanzengenetik und Kulturpflanzenforschung
(IPK, Gatersleban, Germany), and the Vavilov Institute of Plant Industry (VIR, Russian
Federation) (Lioi and Piergiovanni, 2013). In Spain, there are several institutions
conserving accessions of the genus Phaseolus. The most important one is maintained
in the Spanish Center for Genetic Resources, (CRF, Alcala de Henares, Madrid),

followed by the Biological Mission of Galicia (MBG, Pontevedra), the Agricultural
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Technology Institute of Castilla y Ledn (ITACyL, Valladolid), the Agrifood Research
and Technology Center of Aragon (CITA, Zaragoza), and the Institute of Conservation
and Improvement of the Valencian Agrodiversity (COMAYV, Polytechnic University of
Valencia).

Average yields of common beans, as for practically all major crops, are much below
20-50% of their record yields, mostly due to abiotic stress factors, such as drought,
soil salinization, or extreme temperatures, among others (Boyer, 1982). The
forecasted effects of global warming are mostly longer and more frequent periods of
drought, heat waves, and irregular meteorological patterns. They are already noticed
in large areas of the world, including the Mediterranean (Cramer et al., 2018). These
factors, in combination with the shortage of water available for irrigation, will
probably increase the losses in agricultural production. Commercial varieties,
generally selected on criteria related to their yields or tolerance to pests and
parasites, are generally sensitive to abiotic stress. One of the challenges of modern
agriculture is the use of genotypes more tolerant to drought and salinity; therefore,
the screening of neglected varieties and local landraces stored in germplasm banks
acquires a special relevance (Fita et al., 2015). Phenotyping common beans for
adaptation to abiotic stress, and analysis of its physiological mechanisms of response
to stress were the object of numerous studies in the last decade (Santos et al., 2009;
Rosales et al., 2012; Beebe et al., 2013), among many others. Similar comparative
studies were performed by our group on different species of Phaseol/us (Al Hassan et
al., 2016; Morosan et al., 2017; Arteaga et al., 2018). In this work, we present an
exhaustive morphological characterization of 24 accessions of common bean local
landraces stored at the seed bank of COMAV; they were chosen, maximizing their
geographical origin and their morphological diversity, for studying their adaptation
to drought and salinity (manuscript in preparation). The study of the phenotypic traits

is essential to know the agronomic potential of these landraces and their use in plant
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breeding. The high variability found for morphological and agronomic traits in the
different types of bean studied is remarkable and makes this set of accessions of

great interest for their use in breeding.

3.2.2. Materials and Method's

Seed Material

Twenty-four local landraces of P. vulgaris from Spain were characterized for two
consecutive growing seasons, in autumn and spring. Accessions were collected in the
1990s directly from growers. The origin of the analyzed accessions with their
reference codes is indicated in Fig. 7.

Six seeds of each genotype were germinated in individual pots of 1.6 L. Once plants
formed the first three trifoliate true leaves and reached a minimum of 20 cm in height,
they were transplanted to pots of 7 L on a substrate with peat-perlite-vermiculite
(2:1:1) in the greenhouse. The experimental design included five individuals from
each accession in one plot, with sufficient separation between them. Watering was
carried out by drip irrigation with Hoagland solution provided by the greenhouse. The
average temperature during the trial carried out in autumn was 20.3 °C (ranging from
15.9 to 24.1 °C), the relative humidity was 86.85%, and the solar radiation was 38.4
Wemz2. In spring, the average temperature was 20.4 °C (15.3-24.1 °C), relative

humidity was 84.41%, and radiation 85.5 Wem?2 (

Descriptors Used for the Agronomic Characterization

During the two cycles of growth, 17 quantitative and 15 qualitative traits related
to vegetative characteristics, flowers, pods, and seeds were recorded (Table 6). The
descriptors developed by the International Board for Plant Genetic Resources (IBPGR)
were used (IBPGR, 1982). This descriptor list was prepared by IBPGR in a standard

format following the advice of crop experts throughout the world. Five plants, and
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five pods and ten seeds from each plant were analyzed for each genotype in each
cycle. Pods were collected when they were completely ripe. Productivity was
calculated by multiplying the number of pods per plant by the number of seeds per

pod and by the average weight of one seed.

Fig. 8

Fig. 7. Geographic origin of the 24 Phaseolus vulgaris cultivars.
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Descriptors Used for the Agronomic Characterization

During the two cycles of growth, 17 quantitative and 15 qualitative traits related
to vegetative characteristics, flowers, pods, and seeds were recorded (Table 6). The
descriptors developed by the International Board for Plant Genetic Resources (IBPGR)
were used (IBPGR, 1982). This descriptor list was prepared by IBPGR in a standard
format following the advice of crop experts throughout the world. Five plants, and
five pods and ten seeds from each plant were analyzed for each genotype in each
cycle. Pods were collected when they were completely ripe. Productivity was
calculated by multiplying the number of pods per plant by the number of seeds per

pod and by the average weight of one seed.

Fig. 8. Solar radiation registered in the greenhouse during the autumn (a) and spring trials (b)
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Table 6. Quantitative and qualitative traits in the 24 Phaseolus vulgaris accessions. IBPGR—
International Board for Plant Genetic Resources.

Descriptor (IBPGR) Acronym Unit/scores

Quantitative
Vegetative
Measured on terminal leaflet of third trifoliate leaf
from pulvinus to leaf tip.
Measured on the terminal leaflet of the third
trifoliate leaf (cm)

4.1.1. Leaflet length LeafL

Width of the central sheet (cm)*** Wcshe
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6.1.1. Hypocotyl length

6.1.9. Plant height

6.1.10. Stem diameter

4.2.2. Days to flowering

4.2.3 Flower buds per inflorescence

4.2.7. Pod length

6.2.9. Inflorescence length

6.2.10. Pedicel length
6.2.18. Pods per plant
Days to harvest***
Seed

6.3.1. Seeds per pod
6.3.3. Seed weight
6.3.5.1. Length
6.3.5.2. Width
6.3.5.3. Height

Plant type™

Inflorescence and Pod

4.2.6. Pod colour (from fully

expanded immature pod)

4.2.8. Pod cross-section

4.2.9. Pod curvature (of fully
expanded immature pod

Average length in cm from 5 plants measured

HypL .
P when primary leaves fully expanded.
PlantH Average, in cm, at maturity from 5 plants
measured from cotyledon scar to tip of plant
StemD Measured in mm at maturity for plants at crop

density.

Inflorescence and pod

Number of days from emergence to stage where

Dflow 50% of plants have set flowers.
Average number of flower buds from 5 plants
FlowBI = .
examining one inflorescence from each plant.
PodL Average length in cm of the largest fully expanded
immature pods.
InfloL Average, in cm, from 5 plants
PedL Average, in cm, of older flower from 5 plants
examining one inflorescence from each plant.
PPlant Average from 5 plants at crop density.
Time period between seed sowing and mature
Dharv .
pods sampling
Average number of seeds from one pod selected
SeedP
from 5 plants.
SeedWh Weight of 100 seeds in grams
SeedL Measured parallel to the hilum (mm)
SeedW Mm
SeedH Height, Measured from hilum to opposite side
Qualitative
Vegetative
|. determinate bush, Il. indeterminate straight, IIl.
Planty indeterminate crawling, IV. indeterminate
climbing.
Dark purple (1), Carmine red (2), Purple stripe on
Green (3), Carmine tripe on Green (4), Pale red
stripe on Green (5), Dark pink (6), Normal Green
Pcol . .
(7), Shiny green (8), Dull green to silver grey (9),
Golden or yellow (10), Pale yellow to white (11),
Other (12)
Peross Very flat (1), Pear shaped (2), Round elliptic (3),
Figure of eight (4), Other.
Peury Straight (3), Slightly curved (5), Curved (7),

Recurving (9)
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4.2.10. Pod suture string (Psuts) (S;;Irlilf;;(r?rz’g;i;v) strings (3), moderately stringy
Dark purple (1), red (2), pink (3), yellow (4), pale

42.11. P I t physiological
od color at physiologica (Pcmat) yellow with colored mottling or stripes (5),

maturity persistent white (6)
i, Base (1), Centre (2), Top (3), Combination of 1, 2,

6.2.12. Position of pods PosP and 3 (4), Other (5)

6.2.15. Pod beak position Pbeakp Marginal (1), Non marginal (2)

6.2.16. Pod beak orientation Pbeako Upward (3), Straight (5), Downward (7)
Dark purple (1), Carmine red (2), Purple stripe on
green (3), Carmine stripe on green (4), Pale red
stripe on green (5), Dark pink (6), Normal green

6.2.17. Dry pod colour Dpcol (7), Shiny green (8), Dull green to silver grey (9),
Golden or deep yellow (10), Pale yellow to white
(11), Other (12)

Seed

Absent (0), Constant mottled (1), Striped (2),

Rhomboid spotted (3), Speckled (4), Circular
4.3.1. Seed coat patterns Scoatp mottling (5), Marginal colour pattern (6), Broad
striped (7), Bicolor (8), Spotted bicolor (9), Pattern
around hilum (10), Other (11).
Black (1), Brown, pale to dark (2), IMaroon (3),
Grey, brownish to greenish (4), Yellow to greenish
yellow (5), Pale-cream to buff (6), Pure white (7),

4.3.2. Seed coat colour Scoatde Whitish (8), White, purple tinged (9), Chlorophyll
green (10). Green to olive (11), Red (12), Pink (13),
Purple (14), Other (15).

4.3.4. Brilliance of seed BSeed Matt (3), Medium (5), Shiny (7)
Round (1), Oval (2), Cuboid (3), Kidney shaped (4),

4.3.5. Seed shape SHseed Kidney pronunciated (5), Truncate fasgiate (6).
Figure 4

6.3.2. Apparent seed veining Aseed Absent (0), Present (1)

** Singh (Singh, 1982) *** Rodrigo ((Rodrigo-Miguez, 2000).

Data Analysis

A two-way analysis of variance (ANOVA) was performed for all quantitative traits
to check the interaction between the genotype and the environment. Quantitative
traits were summarized as mean, standard deviation, coefficient of variation, and
minimum and maximum values. The qualitative characteristics were expressed on
scales, as shown in Table 6, and then graphically represented in the shape of stacked
bar charts. A principal component analysis (PCA) was used to examine the association
between the analyzed traits and the similarity among accessions. PCA was performed
with all quantitative traits and the seed color, which was categorized using increasing
values for darker colors. Data were analyzed using the software Statgraphics

Centurion v.16 (Statpoint Technologies, Warrenton, VA, USA).
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Additionally, for the quantitative traits, a Euclidean distance matrix based on
standardized data was computed for clustering analysis by using the UPGMA
(unweighted pair group method with arithmetic mean) method (Felsentein, 1973;
Mohammadin et al., 2003). Goodness of fit of the resulting dendrogram was
evaluated with the cophenetic correlation coefficient by using the Mantel test (Mantel,
1967). This analysis was made using the NTSYSpc2.0 software package (Applied

Biostatistics Inc., Setauket, NY, USA).

3.2.3. Results

The seed morphology of the accessions was very variable in shape, size, and color
(Fig. 9). Five accessions, BGV1165, BGV3618, BGV3941, BGV4161, and BGV15856,
exhibited a determinate growth habit; therefore, their plant height and yield-related
traits differed significantly from those with indeterminate growth. For this reason,
these accessions were excluded from the PCA.

Fig. 9. Seed morphology of the 24 P. vulgaris accessions.
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A two-way ANOVA was run to check the possible effect of the environment and
the interaction between the genotype and the environment. The results indicated the
existence of a significant effect of the environment and the interaction between the
genotype and the environment for the majority of traits, especially those related to
yield and its components (Table 7). For this reason, data of the two seasons were not
merged and were analyzed separately in the PCA and basic statistics calculations.

Table 7. Two-way analysis of variance (ANOVA) of cultivar and cycle effects and their
interactions for

Independent Variable
Dependent Variable

Cultivar Cycle Cultivar x Cycle
LeafL (Leaflet length) 36.42 *** 0.468 ns 0.79ns
Wcshe (Width of the central sheet) 46.42 *** 1.479 ns 0.97 ns
HypL (Hypocotyl length) 135.54 *** 0.480 ns 28.52 ***

PlantH (Plant height) 492.86 *** 3.24ns 0.28 ns
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StemD (Stem diameter) 40.29 *** 0.055 ns 9.85 ***
FlowBI (Flower buds per inflorescence) 31.07 *** 0.09 ns 2.57 ***
PodL (Pedicel length) 172.61 *** 2.05 ns 3.40 ***
InfloL (Inflorescence length) 85.31 *¥** 14,21 *** 32.06 ***
PedL (Pedicel length) 70.89 *** 1.90 ns 15.68 ***
Pplant (Pods per plant) 222.09 *** 3.92* 0.58 ns
SeedP (Seed per pod) 31.24 *** 7.09 ** 1.07 ns
SeedL (Length) 237.02 0.42 3.76 ***
SeedW (Width) 73.49 *** 1.14 ns 7.47 ***
SeedH (Height) 71.75 *** 6.35 * 3.93 ***
Yield 343.70 *** 2.27 ns 422 ***

*p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant.

Principal Component Analysis and Cluster Analysis.

To find out which quantitative traits explained most of the variation in the set of
accessions studied, a principal components analysis was carried out. The first three
components explained 50.6% of the variation contained in the data (21.7%, 16.7%,
and 12.7% for the first, second, and third components, respectively). The traits more
positively correlated with the first PC component were those related to the yield
(Yield) and its components (PodL, Pplant, SeedWh, SeedL, SeedW, SeedH) (Table 8, Fig.
10).

The color of the seed coat (Scoatdc) and the apparent seed veining (Aseed) were
negatively correlated. Traits related to the size of the leaves (LeafL and Wcshe) were
best correlated with the second principal component. Some of the components of
yield, pods per plant (Pplant), and seeds per pod (SeedP) also had high positive
correlations, while the seed coat color (Scoatdc), seed weight (SeedWh), and seed
shape (Shseed) were negatively correlated (Table 8, Fig. 10).

The accessions analyzed were dispersed onto the two main components on the
scatter plot of the PCA scores, indicating a large variability (Figure 8). It was also
patent a separation of the accessions according to the size and color of their seeds.

The accessions with black seeds were located at the top of the graph, mainly due to
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the seed coat color and to the larger size of their leaves, the greater number of seeds
per pod, and the narrower shape of the seeds. On the left side of the graph, mostly
cultivars with whitish seeds, lower yield, and without apparent seed veining were
grouped. Within this group, there was also a remarkable separation according to the
second PC, mainly related to the size of leaves and some components of yield. The
accessions with brown seeds were also very dispersed, but with a predominance on
the right side of the graph, due to their higher yield and larger number of seeds per
pod of most cultivars of this type. There were three accessions with different seed
coat color; one of them, BGV143, had yellow to greenish-yellow seeds. This accession
had very low yield and was in the lower part of the graphic. Contrarily, BGV1169, with
maroon seed coat, was highly productive and grouped with the brown seeds. The
accession BGV1185, with gray, brownish to greenish seed color, grouped with the
whitish ones, with a very low yield (Figure 8).

Table 8. Correlation coefficients between the first three principal components (PCs) and
the morphological descriptors.

Component 1 Component 2 Component 3
LeafL 0.09 0.39 -0.08
Wocshe 0.08 0.38 -0.14
HypL 0.09 0.04 0.17
PlantH -0.17 -0.19 0.18
StemD 0.09 0.20 -0.22
Dflow 0.11 0.05 0.12
FlowBlI 0.13 0.14 -0.07
PodL 0.22 0.07 0.26
InfloL 0.13 -0.21 -0.41
PedL 0.14 -0.19 -0.39
Pplant 0.22 0.27 0.14
Dharv 0.10 -0.02 -0.35
SeedP 0.03 0.35 0.19
SeedWh 0.36 -0.25 0.04
SeedL 0.33 -0.18 0.28
SeedW 0.33 -0.15 -0.13

SeedH 0.35 -0.22 0.02
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Scoatdc -0.22 -0.24 0.22
SHseed 0.20 -0.23 0.23
Aseed -0.29 -0.12 0.15
Yield 0.35 0.18 0.23

Regarding the cluster analysis, in the dendrogram obtained with the
morphological traits by the UPGMA method, two main clusters can be observed (I and
II,Fig. 12). Cluster | include the accessions encircled in yellow in Fig. 11 and cluster Il
includes the ones encircled in green color. As expected, the accessions in the cluster
analysis were grouped according to the traits related to yield (Yield) and its
components (PodL, Pplant, SeedWh, SeedL, SeedW, SeedH). These traits were the most
positively correlated with the first PC component in the PCA. In fact, the average
values for these traits in the group of accessions included in cluster | (PodL = 15.44;
Pplant = 48.91; SeedWh = 54.00; SeedL = 14.16; SeedW = 6.28; SeedH = 8.18; and
Yield = 151.52) were consistently higher than the ones for the accessions included
in cluster Il (PodL = 13.71; Pplant = 22.83; SeedWh = 40.56; SeedL = 11.45; SeedW
= 5.63; SeedH = 7.31; and Yield = 41.25). Also, as in the PCA analysis, the color of
the seed was another relevant trait which contributed to the separation of the
accessions. Thus, in cluster |, 75% of the accessions had seeds of brown color, while
55% of the seeds included in cluster Il were white. The cophenetic correlation
coefficient of the phenogram obtained from the 20 descriptors used in the analysis

had a value of 0.86.

Fig. 10. Loading plot of the principal component analysis (PCA) conducted with the quantitative traits
analyzed in 24 accessions of P. vulgaris. Abbreviations are as in Table 6.
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Fig. 12. UPGMA (unweighted pair group method with arithmetic mean) phenogram of the

19 accessions of Phaseolus cultivated in two consecutive seasons based on 17 quantitative
descriptors.
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Note: Phenetic relationships were based on Euclidean pairwise distances estimates. | and

Il represent the two main clusters obtained. In red, scores of spring season; in blue, autumn
season.

Description of the Variability of the Whole Set of Accessions and of the Groups
Established
For the description of the variability found in the set of accessions, we grouped
them according to the seed coat color, establishing three groups: black, brown, and
whitish. The three accessions with different colors, BGV143, BGV1169, and BGV1185,
are described separately, as well as the five accessions of determinate growth habit.
Variability of the Whole Set of Accessions
The whole set of accessions exhibited a high variability for most of the traits
evaluated (Table 9 and jError! No se encuentra el origen de la referencia.). Especially
relevant was the variation for yield and number of pods per plant, which ranged from
2.8 to 242.8 g per plant and from five to 72, respectively. The coefficient of variation
for these traits was very high, 82.4 for yield and 59.4 for pods per plant. There was
also a great variability for all traits related to inflorescence and some of the

components of yield, with coefficient of variation (CV) values that ranged from 31.7
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to 40.4. The traits that showed lower variation were those related to vegetative
characteristics and the height and width of the seeds; in these cases, the CV values
ranged from 15.5 to 29. This trend was similar in the two trials performed. Regarding
the qualitative traits recorded, there was little variation for pod cross-section, which
was predominately pear-shaped, with pod curvature being straight in general, pod
beak position being downward in most cases, and apparent seed veining being absent

in general. For the other traits, there was high variation (Figures 10 and 11)

Fig. 13. Pod traits of the 24 P. vulgaris accessions evaluated.
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Table 9. Descriptive statistics for quantitative traits in each of the established groups and the whole set of accessions (number of accessions). Autumn
growing season. Units of quantitative traits are as defined inTable 6. CV—coefficient of variation

Accessions HypL PlantH StemD LeaflL Wcshe Dflow Dharv FlowBl InfloL  PedlL Pplant PodlL SeedP Seedl SeedWh SeedH SeedW Yield
All accesions Mean  10.53 1.70 518 16.51 11.48 42.54 110.25 4.17 7.65 3.77 29.15 14.26 5.09 1296 47.14 7.77 5.94 74.53
SD 3.05 0.69 1.26 3.76 3.22 6.65 23.08 1.42 2.42 1.55 17.31 4.28 1.87 3.07 17.29 1.20 1.14 61.41
cv 28.98 40.39 24.35 22.74 28.02 15.64 20.94 34.04 31.69 41.16 59.38 30.04 36.78 23.68 36.68 1549 19.24 82.39
Range 2.80 0.32 2.75 9.80 540 28.00 71.00 1.00 2.71 1.10 5.00 5.60 1.00 7.03 17.20 4.72 3.64 2.80

19.00 2.95 840 26,50 20.20 55.00 157.00 8.00 14.60 8.10 72.00 2850 9.00 21.39 81.40 11.49 8.71 242.75

Black (3) Mean  10.73 1.85 550 2026 1584 41.00 117.33 4.05 829 423 4347 12.66 6.17 10.45 33.89 7.40 576  92.49
sD 1.23 0.32 070  3.53 2.51 557  29.69 1.43 1.88 206 1697  3.36 2.20 1.74 15.67 1.01 1.19 62.28
cv 11.50 17.44  12.77 17.44 1583 1358 2530 3535 22.67 4864 39.03 2653 35.65 16.64 46.25  13.59 20.71 67.33
Range 9.1 0.99 4.2 16 11 36 92 2 5.9 1.9 23 8 1 7.5 19.2 5.62 4.38  34.52
12.6 2.4 6.5 26.5 20.2 47 150 6 12.1 8.1 72 18.5 9 1277 50.39 9.77 871 193.95
Brown (8) Mean  10.67 2.28 588 16.05 10.89 4383 114.17 3.98 6.97 363 39.66 1394 5.64 1391 60.09 7.95 596 124.67
SD 2.70 0.38 1.41 3.48 2.43 8.86 22.99 1.39 1.46 1.48 17.69 3.76 1.68 2.95 17.82 1.47 1.34 57.97
cv 25.30 16.82 23.99 21.68 22.28 20.22 20.14 34.88 20.98 40.84 44.62 2699 29.75 21.23 29.65 18.47 22.56 46.50
Range 4.5 1.75 2.9 9.8 7.8 35 94 1 3.8 1.1 5 56 2 9.49 37.45 5 3.64 18.97
14.5 2.95 8.4 224 19.2 55 143 6 10.9 7 65 21.2 8 1869 81.4 10.74 8.16 242.75
» Mean  11.64 1.80 4.52 16.32 11.55 4529 112.14 3.89 6.57 3.20 26.30 15.92 5.02 12.52 39.56 7.44 5.52 54.07
Whitish (10) SD 2.93 0.20 0.84 2.92 2.78 269  21.07 1.49 2.89 1.32  10.51 5.25 1.89 2.84 12.86 1.06 092 3814
cv 25.21 11.34 18.47 17.90 24.05 5.94 18.79 3820 43.95 41.34 39.96 3299 3771 22.70 32.50 14.28 16.71 70.54
Range 7.8 1.2 2.75 11.1 7.2 41 87 2 2.71 1.1 8 9.8 2 7.41 19 4.72 3.89 15.14
19 2.4 7.83 25 19.8 50 141 8 14.6 7.8 47 285 9 18.09 53.2 8.98 8.01 146.83
Mean 8.56 1.79 4.33  14.04 9.44 46 98.00 4.25 11.78 525 1520 14.22 5.00 11.34 53.20 8.69 7.70 4043
SD 0.74 0.02 069 348 1.23 - - 1.71 1.87  1.37 349  1.20 0.71 0.58 - 1.15 0.38 9.29
Yellow to greenish
cv 8.65 1.34 16.03 2480 13.08 - - 40.18 1591 26.14 2298 847 14.14 516 - 1323 4.90  22.98
vellow (1) Range 7.8 1.75 367 101 7.3 46 98 2 9 3.2 11 12.2 4 1016 53.2 7.22 6.99  29.26
9.5 1.81 53 20 10.9 46 98 6 13 6.1 20 152 6 12.06 532 11.49 8.11 53.2
Gray, brownish to Mean 6.18 1.80 6.04 1768 1350 37.00 157.00 4.33 7.67 4.05 12.00 13.95 4.50 12.23 38.60 7.90 562  20.84

greenish (1) SD 1.80 - 1.41 1.15 1.09 - - 1.21 0.82 0.61 3.39 0.90 0.84 0.90 - 0.32 0.34 5.89
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cv 29.07 - 23.43 6.53 8.10 - - 27.95 10.65 15.04 28.26 6.42  18.59 7.37 - 4.07 5.99 28.26
Range 4.8 1.8 3.62 16 11.9 37 157 3 7 3.4 8 13 3 10.92 38.6 7.39 5.3 13.89
9.2 1.8 7.13 19 14.6 37 157 6 9 5 16 15.3 5 13.74 38.6 8.33 6.26 27.79
Mean 13.66 2.26 4.84 19.29 14.67 51.00 110.00 3.80 6.48 2.34 51.20 17.42 560 15.10 63.70 8.56 746 182.64
Maroon (1) SD 0.55 0.19 0.44 1.51 2.93 - - 0.45 0.38 0.35 7.01 3.10 0.89 0.59 - 0.29 0.39 25.02
cv 4.00 8.25 9.18 7.83 19.97 - - 11.77 592 14.99 13.70 17.82 15.97 3.91 - 3.42 5.23 13.70
Range 12.8 2.08 4.33 17 9.5 51 110 3 6 2 44 12.1 4 14.14 63.7 8.09 6.77 156.95
14.2 2.5 5.36 21.2 17.8 51 110 4 6.9 2.9 62 19.8 6 16.16 63.7 8.99 8.14 221.16

Determinate growth habit

o Mean 6.97 0.54 4.76 15.70 9.98 41.00 102.00 4.63 8.74 4.97 13.36 10.36 341 12.06 38.33 7.58 6.00 19.44
Whithish (3) SD 3.02 0.13 0.51 4.77 2.59 3.61 4.58 1.45 2.78 1.58 4.07 2.92 1.08 3.54 20.86 1.30 0.94 13.69
cv 43.25 23.33 10.76  30.36 25.90 8.79 4.49 31.46 31.76 31.88 30.46 28.16 31.80 29.35 54.41 17.19 15.62 70.42
Range 2.8 0.335 4.2 9.8 5.4 38 98 2 4.23 2.8 6 6.5 2 7.03 17.2 5.22 4.68 2.80
9.8 0.7 5.87 26 14 45 107 6 12.5 7.1 22 15.1 5 1715 58.9 9.56 7.49 47.94
Brown (2) Mean  12.22 0.42 543 13.70 7.58 30.50 76.50 5.23 9.30 3.66 13.20 16.83 4.07 16.85 60.90 8.37 6.01 32.50
SD 1.91 0.08 2.12 1.90 0.76 3.54 7.78 1.17 1.51 0.73 4.21 1.49 1.14 1.66 2.40 0.81 0.62 10.76
cv 19.49 16.35 27.16 12.77 9.55 1071 9.49 19.43 16.58 16.50 60.16 9.24 2853 10.84 4.06 10.11 10.71 63.35
Range 9 0.315 3.4 10.4 6.5 28 71 3 7.8 2.8 7 14.5 1 14.51 59.2 7.11 4.64 16.99
15 0.55 8.1 16.1 9 33 82 6 12 4.8 21 19.2 5 21.39 62.6 9.67 7.04 50.97
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Table 10. Descriptive statistics for quantitative traits in each of the established groups and the whole set of accessions (number of accessions). Spring growing
season Units of gquantitative traits are as defined in Table 6.

Accessions HypL  PlantH StemD LeafL Wcshe Dflow  Dharv  FlowBl InfloL  PedlL Pplant PodlL SeedP SeedlL SeedWh SeedH SeedW Yield

All accessions  Mean 10.59 1.69 513 17.03 1211 42.25 108.5 4.18 7.38 3.57 30.14 14.38 534 1291 46.15 7.65 5.89 76.06
SD 3.03 0.66 1.06  3.87 3.26 8.41 21.86 1.51 297 162 1802 3.98 1.76 2.97 16.56 1.04 0.99 61.71

cv  28.65 39.02 20.73 22.75 26.88 19.92 20.15 36.15 40.2 4537 59.78 27.67 33.02 23.01 35.89 13.6 16.77 81.13

Range 2 0.25 3.14 9.8 6.5 27 70 1 1.5 0.98 4 6.8 1 6.59 16.98 5.41 4.03 6.99

17.8 2.98 7.87 265 20.5 55 153 9 2554 1222 77 278 9 21.17 76.23 10.15 9.38 232.82

Black (3) Mean 12.15 1.88 5.04 2031 15.82 4233 121.33 4.52 7.47  3.41 44.4 12.83 6.67 10.52 35.29 7.23 5.68 108.08

SO 295 0.18 0.97 344 1.68 6.43 28.18 1.36 192 152 1871 4.31 1.83 2.04 17.4 1.01 1.13 75.21

Cv  24.28 9.39 19.31 16.96 10.6 1519 2323 3016 257 44.61 42.13 33.62 2739 19.43 49.3 13.91 19.83 69.58
Range 8.9 1.7 39 162 13.6 35 99 2 55 2.1 21 8 4 7.24 18.374 5.76 4.1 33.56
17.8 24 7.87 265 19.5 47 153 6 12 7.8 77 194 9 1332 53.13 8.99 7.78 232.82

Brown (8) Mean 11.93 2.27 534 1691 11.84 44 113.33 4.05 7.35 356 41.73 14.53 6.23 13.54 54.67 8.02 6.25 123.87
SD 1.3 0.41 1.19 3.9 2.78 9.01 25.08 169 373 1.78 1874  3.42 1.55 2.45 16.18 1.08 0.91 57.58
cv 10.92 1815 2227 23.04 235 2048 22.13 41.82 50.74 5006 44.91 2351 24.85 1812 29.61 13.41 14.53  46.48

Range 9.8 1.6 3.35 9.8 7.8 34 91 2 3.8 1.9 4 6.8 2 9 36.18 5.46 4.27 18.688

14.5 2.98 7.83 245 19.2 54 147 9 2554 1222 65 21.2 8 17.7 76.23 9.65 9.38 217.47

Whitish (10)  Mean 10.63 1.81 4.88 1595 11.79 4386 111.29 339 604 287 2609 155 51 1256 39.39 7.43 543 51.36
SO 2.65 0.19 0.88 333 3.02 8.13 20.85 1.27 203 1.06 1044 4.88 1.81 2.53 11.38 0.98 092  30.47

CV 2492 1069 1795 20.87 2558 1854 18.74  37.51 33.7 3696 40.04 31.46 3558 20.14 28.89 13.19 16.95  59.33

Range 54 1.31 3.14 11.1 7.5 27 85 1 3.2 098 9 7.9 2 8.01 19.534 5.41 4.03 17.17

15.6 2.5 7.8 252 20.5 53 138 6 143 6 45  27.8 8 17.4 49.1 9.36 7.9 12879

Yellow to greenish yellow  Mean  8.22 1.8 4.88 14 9.55 49 98 4.4 1148 4.28 16.2 13.08 4.8 10.49 56.1 7.85 7.27  43.62
SD 083 0.05 059 335 1.24 - - 1.52 143 0.47 589 027 1.1 0.67 - 0.54 0.45 15.86

cv  10.08 253 12.07 23.92 1299 - - 3447 1243 11.01 3636 205 2282 6.38 - 6.83 6.15  36.36

Range 7.2 1.76 3.94 10.1 7.3 49 98 2 9 3.9 9 128 3 9.64 56.1 6.78 6.69  24.23

9.1 1.88 5.45 20 10.9 49 98 6 125 5.1 23 135 6 11.63 56.1 8.43 7.91 61.93
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Gray, brownish to greenish ~ Mean
SD
cv

Range

Maroon  Mean
SD
cv

Range

Determinate growth habit
Whitish (3)  Mean

SD

cv

Range

Brown (2)  Mean
SD
cv

Range

7.32
1.7
23.25
5.6
9.2
9.6
2.54
26.43
4.8
11.5

7.28
3.64
49.93

13.2
12.61
2.2
17.47

15.1

1.8
0.09
5.06
1.65
1.89
2.12
0.03
1.36

2.1
2.15

0.54
0.15
28.18
0.251
0.67
0.41
0.08
19.21
0.285
0.531

6.8
0.46
6.74

6.3

7.5
6.55
0.92

14
5.53
7.31

4.81
0.78
16.2
3.82
6.05
4.87
1.21
24.77
3.49
7.19

17.3
1.37
7.95
15.8
19.2
19.5
1.49
7.66

17
21.2

17.59
4.59
26.11
12

26
13.73
2.02
14.73
10.4
16.1

13.56
0.88
6.53
12.5
14.6
15.1
3.05

20.21

9.5
17.8

11.03
1.81
16.39

14
7.42
0.63
8.54

6.5

40

40
40
55

55
55

39
3.61
9.25

35

42
275
0.71
2.57

27

28

125

125
125
110

110
110

98.67
7.09
7.19

91
105
76
8.49
11.16
70

82

4.6 858
1.14 1.06
24.79 124
3 6.9

6 9.5
4.33 6.4
1.86 0.23
42.97 3.56
3 6.2

8 6.8

5 811
1.07  3.66
21.38 45.11
3 1.5

6 15
522  9.04
1.09 3.29
20.93 36.36
3 5.1

6 131

104

4.4 12.8
1.01 1.92
229 1503
3.2 10
5.5 15
2.6 55.2
04 6.61
15.38 11.98
2.1 48
3.1 63
4.99 14.8
2.35 2.93
47.11  19.81
2.1 10
10.1 21
4.31 14.3
1.26 2.98
29.17  20.86
2.3 8
6.2 19

14.96
0.47
3.16
14.5
15.6

17.68
1.68
9.49
14.8
19.1

10.96
2.83
25.87

15.5
15.26
1.41
9.24
13.5
17.2

4.6
0.52
11.23

5.67
0.82
14.41

3.89
0.89
22.93

4.28
1.02
23.79

11.93
0.82
6.85

10.71

12.91

14.18
0.79
5.54

12.75

15.27

12.44
3.64
29.27
6.59
17.2
17.59
1.74
9.89
14.89
21.17

37.05

37.05
37.05
59.01

59.01
59.01

34.8
15.99
45.96
16.98
47.91
70.69

7.78

11
65.189
76.19

6.86
0.37
5.39
6.08
7.39
8.15
0.45
5.49
7.26
8.58

7.36
1.04
14.14
5.5
8.9
8.48
0.9
10.58
7.15
10.15

5.22
0.35
6.61
4.48
5.65
6.82
0.62
9.14

5.6
7.68

5.48
0.5
9.2

4.83

6.71

6.52

0.58

8.83

5.52

7.49

21.82
3.28
15.03
17.04
25.56
184.58
22.11
11.98
160.50
210.66

21
11.64
55.41

6.98
42.25
42.72

7.82
18.31
25.14
54.49
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Description of the Three Accessions with Black-Colored Seeds

Accessions with black seeds were the most leafy, with a higher mean value of
central leaflet length and width, long inflorescences and peduncles, and a high
number of pods per plant (Pplant) (on average 43.47 in the first cycle and 44.40 in
the second, compared with the mean values for the whole set of accessions that were
29.15 and 30.14, respectively). These cultivars had the smallest seeds and, therefore,
more seeds per pod than those from other groups (7able 9and Table 10). The average
yield was high (92 in the first cycle, and 108 in the second), with a high coefficient of
variation, as the yield ranged from 34 to 193 in the first cycle and from 33 to 239 in
the second cycle. Qualitative traits ( Fig. 13 and Fig. 74) showed only a relatively
smaller variation in comparison to the other group of cultivars, without any seed coat
patterns or apparent seed veining, with seeds either matte or medium brilliant, and
only two shapes, either oval or cuboid. No variation was registered for the trait pod
beak position (marginal in all cultivars), pod beak orientation (upward), or pod cross-
section (pear-shaped).

Fig. 14. Seed traits of the 24 P. vulgaris accessions evaluated.

Seed coat patterns Brilliance of seed
100% 100%
80% 80%
60%
’ 60%
40%
40%
20%
o
00/0 20 /0 J .
Black Brown Withish o
0%
HAbsent M Constant mottled Black Brown Withish
Rhomboid spotted™ Broad striped B Matt B Medium [ Shiny
Seedshape Apparent seed veining
1 0,
00% 100%
80% 80%
60% 60%
40% 40%
20% 20%
0% 0%
Black Brown Withish Black Brown Whitish

B Round EOval M Absent M Present
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Description of the Six Accessions with Brown-Colored Seed's

Accessions with brown seeds included the most robust plants, with plant
height ranging from 1.75 to 2.95 m in the first cycle, and from 1.6 to 2.98 m in the
second one, with a larger stem diameter (7able 9 and Table 10). The highest average
yield was found for this group; the coefficient of variation for this characteristic was
very high, 46% in both cycles, mainly due to the large variation in the number of pods
per plant, ranging from five to 65 and from four to 65, respectively. The group had
the largest seeds, most notable in the weight of seeds (100 seeds weighed 60 g in
the first cycle and 54 g in the second one). Among the qualitative characteristics (Fig.
13 and Fig. 74), the seed coat pattern was outstanding and the most variable in
comparison to the other groups. Furthermore, high variability was registered for the
shape of seeds (including cultivars with ovoid, cuboid, and kidney-shaped seeds), the
brilliance of seeds (medium and shiny), variable pod beak orientation (upward,
straight, downward), and pod suture string (from stingless to very stringy). No

variation was found for apparent seed veining, being absent in all cases.

Description of the Seven Accessions with White-Colored Seeds

Accessions with whitish seeds had generally smaller plants, with fewer pods per
plant (26 in both cycles), smaller seeds, with a weight of 39 g for 100 seeds (in both
cycles). The number of seeds per pod was also generally smaller and, therefore, the
mean yield was much lower in comparison to the other accessions (54 g per plant in
the first cycle and 51 in the second one), representing less than half of that registered
for the group with brown seeds (7able 9 and Table 10). However, the coefficient of
variation of this trait was high, as some cultivars were much more productive than
the others (e.g., BGV 3176 with 132 g per plant). Among the qualitative traits, the
seed shape was more variable than in other groups; most of the cultivars had kidney-

shaped seeds, but there were also some with cuboid, round, and oval seeds (Fig. 74).
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Seeds coat patterns were absent, but seed brilliance varied from matte to shiny, and

an apparent seed veining was detected only in this group.

Description of the Accessions with Different Seed Colors and of the Accessions
with a Determinate Growth Habit
There were three accessions with seed coat color different from the ones
described above. The accession BGV1169 had maroon seeds, BGV1185 exhibited
gray, brownish-greenish seeds, and BGV143 had yellow to greenish-yellow-colored
seeds. The three accessions differed in many traits. For vegetative traits, BGV1169
developed bigger leaves, both in length and width, and a short period from flowering
to the harvest of the pods (59 days). It was also the most productive, with 182 g per
plant, with higher values for the components of yield. In contrast, the accession
BGV1185 was the one with the lowest yield (20.8 g per plant) and with the most
prolonged period from flowering to harvest (120 days). The accession BGV143 had
intermediate values for all traits, as well as outstanding inflorescence length and
pedicel length; it showed the shortest period from flowering to harvest (52 days). The
behavior of the three accessions was similar in both cycles. The growth habit of
BGV143, BGV1169, and BGV1185 was climbing indeterminate. The color of the pod
was light green for the cultivars BGV143 and BGV1185 and normal green for
BGV1169. The cross-section and curvature of the pod were pear-shaped and slightly
curved for all cultivars. BGV1169 did not present ventral suture in the sheaths, while
the rest were very fibrous. The pods of the cultivars BGV1169 and BGV1185 at
physiological maturity were yellow and pale yellow for BGV143 with colored mottling
or stripes. The position of the pods in the plant was combined for BGV143 and
BGV1185, while for BGV1169 the pods were concentrated in the center. The position
and orientation of the apex of the pods were marginal and downward (downward).
The dry pod color was golden or deep yellow (BGV1169) and carmine red (BGV143

and BGV1185). The seed coat patterns were absent for the three cultivars, and the
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seed brilliance was medium for BGV1169 and BGV143 and shiny in BGV1185. The
seed shape was kidney-shaped (BGV1169 and BGV1185) and kidney pronged
(BGV143). In all three cultivars, no ribs were observed in the seeds.

Regarding the accessions with determinate growth habit, there were two with
brown seeds and three with whitish seeds. All of them had small plants, less than 0.5
m in height with narrow leaves. Accessions with brown seeds were very early and
showed a short period from flowering to harvest (46 days). All accessions exhibited
a high number of flower buds per inflorescence and low numbers of pods per plant
and seeds per pod, giving rise to a low yield. Accessions with brown seeds were more
productive than those with whitish seeds, because of their higher pod length, number

of seeds per pod, and length and width of the seeds.

3.2.4. Discussion

Analysis of the complete set of accessions highlighted the great variability for most
of the 32 characteristics evaluated. A high diversity was also reported in previous
works on bean collections of Spanish origin (Gil et al., 1992; Rodifo et al., 2003). It
is also evident the diversity of types in terms of size, color, and shape of seeds, as
well as for other characteristics related to the main differences between the two gene
pools, the Mesoamerican and the Andean; they include the size and shape of the
terminal trifoliolate leaflet, flower bracteoles, the presence or absence of stripes at
the outer base of the flower standard, and the pod beak position. Our findings
support results obtained by other authors who demonstrated that, in the Iberian
Peninsula, after centuries of joint cultivation, a mixture of the two pools of germplasm
occurred. This was already revealed, based on morphological studies, phaseolin
protein patterns, and molecular markers (Rodifio et al., 2003; Perez-Vega et al.,
2009). The existence of both pools represents an added value to the Spanish
germplasm. This high variability of Spanish accessions is of great value for their

adaptation to the environmental conditions of both areas of domestication of this
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crop. Additionally, they may be used as a bridge for the transfer of genes between
accessions belonging to both gene pools, as already suggested by Rodino et al. [32].
Additionally, they may be used as a bridge for the transfer of genes between
accessions belonging to both gene pools, as already suggested by Rodifio et al.
(Rodifo et al., 2003).

The cluster and PCA analyses were congruent, and they clearly separated the
accessions for their yield and yield components, mainly those related to pods and
seeds, as well as their seed color. These characteristics are much more important in
explaining the diversity of bean types in Spain, in contrast to other traits related to
plant growth and earliness. The lack of grouping of accessions of different origin
reflects a lack of regional differentiation, probably caused by transport by humans
and seed exchange between farmers.

The high number of traits exhibiting interactions between the genotype and the
environment, when cultivated in spring and autumn, is in agreement with previous
reports (Vaid, et al., 1985; Escribano et al., 1994). Also, Nienhuis and Singh (1986)
and Sills and Nienhuis (1993) reported environmental effects in the expression of
qguantitative traits in different types of beans. This means that the best genotype for
one environment may not be the best for another one and, therefore, specific types
of beans must be developed for cultivation in different environments (Hosfield et al.,
1984). In our trial, the main differential environmental factor between the two
growing seasons, autumn and spring, was the solar radiation, as shown in Figure 2,
while the temperature and relative humidity were controlled in the greenhouse.
Approximately 50% of the accessions did not show a great variation in yield when
comparing the two seasons. However, the other accessions showed variation, most
reaching higher yields in spring, in which solar radiation favors photosynthesis and,
consequently, photoassimilation, regardless of the geographic origin of the

accessions. The different response to the changing environment of the set of
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accessions studied in the present work is of great interest, and it can be exploited in
breeding cultivars adapted to a broader range of environmental conditions.

The standard deviation values for seed weight, seed length, and seed width were
higher than those reported by Escribano et al. (Escribano et al., 1998), who studied a
set of 66 landraces collected in Galicia (Spain). The same occurred for traits related
to vegetative characteristics, such as length (LeafL) and width of the leaflet (Wcshe),
and other traits of the pods and seeds. The range of variation for these traits was
also higher in the set of accessions studied in the present work than in the germplasm
studied by Rodifio et al. (2003), which consisted of a group of 388 cultivars collected
in the major production regions of the Iberian Peninsula and a core collection of 52
accessions constructed from the set of 388 cultivars.

The coefficient of variation compares the relative amount of variability between
crop traits, and it is an excellent indicator of the exploitable variability for breeders.
It is remarkable that high values were found in this work for many traits, especially
those related to the yield and its components, as well as for other traits related to
flowering and earliness. This high source of variability can be employed to develop
varieties with very different characteristics, adapted to different environments, and
also tailored to market preferences, in both groups of cultivars, with whitish and
brown seeds, which are the most economically interesting groups. The accessions
studied in this work were tested for their adaptation to abiotic stresses. Some of them
showed good behavior under stress conditions. The results are being analyzed, and
a manuscript is in preparation. Those data, together with the morphological
description reported here, will help breeders select the most promising accessions to
be used in breeding programs. The germplasm employed in this work is available
upon request in the vegetable gene bank of the COMAYV of the Polytechnic University

of Valencia.
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The use of proline in screening for tolerance to drought and salinity in common bean
(Phaseolus vulgaris L.) genotypes

Abstract: The selection of stress-resistant cultivars, to be used in breeding
programmes aimed at enhancing the drought and salt tolerance of our major crops,
is an urgent need for agriculture in a climate change scenario. In the present study,
the responses to water deficit and salt stress treatments, regarding growth inhibition
and leaf proline (Pro) contents, were analysed in 47 Phaseolus vulgaris genotypes of
different origins. A two-way analysis of variance (ANOVA), Pearson moment
correlations and principal component analyses (PCAs) were performed on all
measured traits, to assess the general responses to stress of the investigated
genotypes. For most analysed growth variables and Pro, the effects of cultivar,
treatment and their interactions were highly significant (p < 0.001); the root
morphological traits, stem diameter and the number of leaves were mostly due to
uncontrolled variation, whereas the variation of fresh weight and water content of
stems and leaves was clearly induced by stress. Under our experimental conditions,
the average effects of salt stress on plant growth were relatively weaker than those
of water deficit. In both cases, however, growth inhibition was mostly reflected in the
stress—induced reduction of fresh weight and water contents of stems and leaves.
Pro, on the other hand, was the only variable showing a negative correlation with all
growth parameters, but particularly with those of stems and leaves mentioned above,
as indicated by the Pearson correlation coefficients and the loading plots of the PCAs.
Therefore, in common beans, higher stress-induced accumulation of Pro is
unequivocally associated with a stronger inhibition of growth; that is, with a higher
sensitivity to stress of the corresponding cultivar. We propose the use of Pro as a
suitable biochemical marker for simple, rapid, large-scale screenings of bean
genotypes, to exclude the most sensitive, those accumulating higher Pro

concentrations in response to water or salt stress treatments.
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3.3.1. Introduction

Drought and soil salinity are amongst the most restrictive environmental
factors affecting agriculture worldwide. Even moderate degrees of water deficit or salt
stress can lead to a reduction of 50-70% in average yields in most crops when
compared with registered record yields (Mantri et al., 2012; Zorb et al., 2019;
Osakabe et al., 2014). Drought, brought about by the scarcity of rain, affects more
than half of the agricultural land of our planet and is often linked to secondary
salinisation of farmland due to intensive irrigation (Fita et al., 2015; Shahid et al.,
2018). Cropland salinisation is becoming one of the major constrains for agriculture
in many parts of the world, especially in arid and semi-arid regions. At the beginning
of this century, it was estimated that around 20% of the irrigated lands were salinised
(Flowers and Flowers, 2005), but this figure is increasing yearly, mainly due to
anthropogenic alterations, such as irrigation with brackish water or the abusive and
indiscriminate use of chemical fertilizers (Fita et al., 2015). On the other hand, the
scarcity of good-quality water for irrigation, mainly as a consequence of the effects
of global warming, will mean more-significant crop losses in the near future, which
will especially affect subsistence agriculture in developing countries (Morton, 2007).
Legumes are some of the most important crops, representing a significant
component of the human diet. Globally, legumes complement cereal crops as the
main sources of plant minerals and proteins (Belluci et al., 2014). Among the
leguminous crops, Phaseolus L. is a large and diverse genus comprising about 70
American species (Freytag and Debouck, 2002), five of which have been domesticated
(Phaseolus wvulgaris L., Phaseolus dumosus Macfady, Phaseolus coccineus L.,
Phaseolus acutifolius A. Gray and Phaseolus lunatus L); moreover, a few additional

species show signs of incipient domestication (Delgado-Salinas et al., 2006).
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The common bean (P. vulgaris) is the most-consumed legume in human
nutrition; it is an essential component of the diet, especially in developing countries,
as a source of proteins, vitamins, minerals and fibre (Belluci et al., 2014; Broughton
et al., 2003). The species has a natural distribution area from northern Mexico to
northwestern Argentina. It was domesticated independently in Central America and
the Andes (Gepts and Debouck, 1991), but now it is cultivated practically all over the
world. Beans from both origins were introduced to Spain in the 16th century (Ortwin-
Sauer, 1966; Brucher and Briicher, 1976; Debouck, 1995), where they had to adapt
to the new environmental conditions, which were very different from those in their
native areas. The cropping system in small farms, spread in proximal areas, allowed
the genetic flow between genotypes of Mesoamerican and Andean origin (Arteaga et
al., 2019). Due to centuries of bean cultivation, the Iberian Peninsula has become a
secondary centre of diversification of this species (Pinheiro et al., 2007).

Phaseolus vulgaris is not considered as very tolerant to water stress (Molina et
al., 2001); nevertheless, it is cultivated under diverse environmental conditions,
including relatively dry areas (Graham and Ranalli, 1997; Singh, 2007). In fact,
globally, only a small percentage, around 7%, of the cropland planted with common
bean receives adequate rainfall (Broughton, 2003), and in some areas, drought causes
yield losses of up to 80% (Cuellar-Ortiz et al., 2008) Like practically all cultivated
plants, the bean is a glycophyte, sensitive to soil salinity even at electric conductivity
values below 2 dS- m-1 (Maas and Hoffman, 1977). However, just as there are cultivars
that are more resistant to water stress, some respond better to high soil salinity
(Gama et al., 2007; Zhumabayeva, 2019).

As for other common crops, many bean genotypes no longer grown in the
fields or cultivated only locally at a small scale (landraces, local varieties, heirlooms
or minor commercial cultivars) are available from small farmers or germplasm banks

and represent a rich source of genetic variability. Landraces appeared over time due
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to selection of traits specifically adapted to local conditions, often suboptimal or even
highly stressful. Therefore, such genotypes are probably more competitive in low-
input agriculture and represent a source of allelic richness that may enhance
agronomic production under the foreseeable restrictive conditions imposed by
climate change (Fess et al., 2011). There is an increasing interest for the recovery of
local landraces by consumers and markets, not only concerning global warming but
also because of the commercial demand for local products, considered as tastier and
healthier (Hurtado et al., 2014). Unfortunately, many autochthonous varieties have
been lost, and many others are at risk of extinction, due to genetic erosion. Screening
this type of varieties for tolerance to stresses represents an interesting strategic path
for the agriculture of the future.

The screening of a large number of genotypes would be greatly facilitated by
identifying a suitable stress biomarker, easily quantified by simple, rapid and non-
destructive assays, and unequivocally associated to the relative resistance of the
cultivars to water deficit or salt stress. Proline (Pro), one of the commonest plant
osmolytes (Szabados and Savouré, 2010; Verslues and Sharma, 2010), could be an
appropriate candidate because a significant increase in Pro contents in response to
water deficit, high salinity or other stressful conditions has been detected in beans—
as in many other species. However, it is not yet clear whether Pro accumulation in ~.
vulgaris is associated with enhanced or reduced tolerance to stress since
contradictory results are available in the literature. Some reports correlated higher
Pro contents with a relatively higher stress tolerance when comparing different bean
cultivars (Kapuya et al., 1985; Misra and Gupta, 2005; Cardenas-Avila, 2006;
Kaymakonova et al., 2008, Herrera-Flores et al., 2012; Ghanbari, 2013), whereas in
other cases higher Pro concentrations were measured in the relatively more stress-
sensitive cultivars (Jiménez-Bremont et al., 2006; Al Hassan et al., 2016; Morosan et

al., Morosan). All these studies were based on the comparison of a few genotypes.
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Only a wider analysis, based on a considerably higher number of cultivars, grown
under the same experimental conditions and subjected to the same stress
treatments, could establish whether responses to stress based on Pro accumulation
are relevant, or not, for stress tolerance in P. vulgaris, and how Pro could be used as
a reliable abiotic stress biomarker in this species.

Based on the ideas mentioned above, we have applied specific water deficit
and salt stress treatments, under controlled greenhouse conditions, to a relatively
large number of common bean cultivars, obtained from germplasm banks. The aims
of this study were (i) to determine the overall response of the analysed genotypes to
controlled water and salt stress treatments, (ii) to establish the role of Pro in bean
stress responses, either as a mere stress biomarker or as an osmolyte directly
involved on stress tolerance mechanisms and (iii) based on the results obtained, to
propose Pro as a suitable biochemical marker for the rapid selection of bean cultivars
with a (relatively) higher tolerance (or sensitivity) to drought or salinity.

Plant Material

The study included 47 accessions of common bean (P. vulgaris), from Spain
(23), Colombia (19) and Cuba (5), provided by the Germplasm Bank of Universitat
Politécnica de Valencia (UPV), the International Center for Tropical Agriculture (CIAT)
and the Bioplants Center, University of Ciego de Avila, respectively. Spanish
genotypes are represented by local landraces, with geographic origins indicated in
Table 11. Materials from Cuba are commercial varieties or experimental lines from
INIFAT (Alexander Humboldt Institute for Basic Research in Tropical Agriculture) or
IIHDL (Liliana Dimitrova Horticultural Research Institute, La Habana, Cuba), and those
from Colombia are lines reported to be relatively resistant to drought and high

temperatures.



Resultados

121

Table 11. Origin of the analysed Phaseolus vulgaris accessions and duration of the applied
stress treatments.

Treat Genebank
Abbr. ment Country Origin Cultivar name
(weeks) code

Sp1l 2 BGV000143 Spain Lecina, Huesca Judia amarilla
de enrame

Sp 2 2 BGV001191 Spain Velez Rubio, Almeria Judia

Sp3 2 BGV001581 Spain Mercado el Olivar, Palma de Mallorca Judia de careta

Sp 4 2 BGV003176 Spain Barlovento, Santa Cruz de Tenerife Judia blanca
mantecosa

Sp5 2 BGV003616 Spain La Bafieza, Ledn

Sp6 2 BGV003941 Spain AldeaNueva de Barbarroya, Toledo Judia larguilla

Sp7 2 BGV004159 Spain Plascencia, Caceres

Sp 8 2 BGV011254 Spain Las Presillas, Puente Viesgo, Cantabria Garrafal oro

Sp9 2 BGV013605 Spain Campo, Huesca Negra

Co 10 2 INB-39 Colombia -

Col1 2 INB-40 Colombia -

Co 12 2 INB-42 Colombia -

Co 13 2 INB-43 Colombia -

Co 14 2 INB-48 Colombia -

Co 15 2 INB-48lI Colombia -

Cu l6 2 V-71 Cuba INIFAT Bolita 11a

Cu 17 2 E-125 Cuba IIHLD E-125b

Cu 18 2 Milagro VIII Cuba INIFAT Milagro Villarefioa

Sp 19 3 BGV001167 Spain Chirivel, Almeria Judia

Sp 20 3 BGV001169 Spain Laujar de Andarax, Almeria Judia mocha

Sp 21 3 BGV001182 Spain Juviles, Granada Alubias

Sp 22 3 BGV003610 Spain Ponferrada, Ledn

Sp 23 3 BGV003614 Spain La Bafieza, Ledn

Sp 24 3 BGV003618 Spain La Bafieza, Ledn

Sp 25 3 BGV004161 Spain Plasencia, Caceres

Sp 26 3 BGV004466 Spain Bilbao, Vizcaya Alubias pintas

Sp 27 3 BGV011235 Spain Beranga, Hazas de Cesto, Cantabria Carica

Sp 28 3 BGV013603 Spain Beceite, Teruel Judia de Franco

Sp 29 3 BGV013609 Spain Centenero, Huesca Judia Fartapobres

Sp 30 3 BGV014980 Spain Alcorisa, Teruel De tabilla ancha

Sp 31 3 BGV015856 Spain Alicante Habichuela del barco
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Sp 32 3 BGV015859 Spain Albarracin Judia
Co33 3 ALB-74 Colombia -

Co34 3 INB-35 Colombia -

Co35 3 INB-38 Colombia -

Co 36 3 INB-41 Colombia -

Co 37 3 INB-44 Colombia -

Co 38 3 INB-45 Colombia -

Co 39 3 INB-46 Colombia -

Co 40 3 INB-47 Colombia -

Co41 3 SEF-9 Colombia -

Co42 3 SEF-52 Colombia -

Co43 3 SEF-53 Colombia -

Co 44 3 SEF-55 Colombia -

Co 45 3 SEF-56 Colombia -

Cu 46 3 V-13 Cuba INIFAT P 2240b
Cu 47 3 V-51 Cuba INIFAT P 186b

Plant Growth and Stress Treatments

The plants were obtained by seed germination. Several seeds of each genotype
were germinated in trays with peat, perlite and vermiculite (2:1:1). When the first
trifoliate true leaves were formed, the seedlings were transplanted to individual 1.6
L-pots with the same substrate in the greenhouse; Hoagland’s nutrient solution
(Hoagland and Arnon, 1950) was used for irrigation. When the plants reached a height
of at least 20 cm and had two to five true leaves, plants were selected for the
treatments and placed in 55 X 40 cm plastic trays (10 pots per tray). Irrigation was
performed twice a week by adding to each tray 1.5 L deionised water or a 150 mM
NaCl solution, for the control and salt stress treatments, respectively. The water
stress treatment was applied by completely withholding irrigation of the plants. Five
individual plants (biological replicas) of each genotype were used per treatment.
Treatments were stopped after two weeks for 18 genotypes when plants showed clear
wilting and general decline symptoms in the water deficit treatment, but before plant

mortality was observed; salt treatments of these cultivars were stopped at the same
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time. The remaining, relatively more resistant 29 genotypes were treated for an
additional week. The two groups of plants were analysed independently. All
treatments were carried out under controlled conditions in the greenhouse: long-day
photoperiod (16 h of light), temperature set at 23 oC during the day and 17 oC at
night. Once the treatments were finished, whole plants were harvested, collecting
separately their roots, stems and leaves. Several growth parameters were measured
in all plants: the diameter of the stem (SD), the length of the roots (RL) and stems
(SL), the number of trifoliate leaves (Lnho) and the fresh weight of roots (RFW), stems
(SFW) and leaves (LFW).

Part of the fresh material of roots, stems and leaves was weighed (FW), placed
at 65 oC in an oven for three days, and weighed again to determine the dry weight
(DW). The water content percentage (WC%) of the three organs was calculated
according to the formula:

WC (%) = [(FW — DW)/Fw] x 100 ( 1)

Quantification of Proline Contents

Leaf Pro concentrations were quantified using dry plant material, according to the
ninhydrin-acetic acid method (Bates et a.,1973). Pro was extracted in a 3% (w/v)
aqueous sulfosalicylic acid solution; the sample was mixed with the acid ninhydrin
solution, incubated for 1 h at 95 °C, cooled on ice and extracted with toluene. Samples
with known Pro amounts were assayed in parallel to obtain a standard curve. The
absorbance of the supernatants was read at 520 nm using toluene as a blank. Pro
concentration was finally expressed as pmol g-' DW.

Statistical Analysis

Plants from the two- and three-week treatments were analysed separately. A
two-way analysis of variance (ANOVA) was performed for all determined traits, to
check the effects of the ‘cultivar’ and ‘treatment’ factors, and the interaction between

treatment and genotype. Pearson moment correlations were also performed for all
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measured parameters, and a principal component analysis (PCA) was used to check
the similarity between the responses to the different types of stress within each
cultivar, and the similarity between accessions. Data were analysed using

Statgraphics Centurion v.16 software (Statpoint Technologies, Warrenton, VA, USA).

3.3.3. Results

Analysis of Variance of Registered Traits

Some cultivars (18) were apparently more sensitive to both salt and water
stress and therefore treatments were stopped after two weeks. For the remaining
genotypes (29), treatments were extended to three weeks (7able 77). All growth
parameters and the leaf Pro concentration of control and stressed plants, for each
cultivar, are summarised in Supplementary Table S1. Notwithstanding quantitative
differences between genotypes, the overall picture is that plants of most cultivars
were affected by both types of stress, water deficit and salinity, which inhibited
growth as indicated by the general relative reduction observed in the measured
morphological variables. Under the specific stress conditions applied in the
experiments, in most cases, growth inhibition was more accentuated in the water-
stressed plants than in the salt-stressed ones. Again, for most cultivars, leaf Pro
contents increased significantly in response to both types of stress. To assess the
general responses to stress of the selected cultivars, a two-way ANOVA was
performed considering the effect on each parameter of cultivar and treatment, and
their interaction (7able 12).

For most analysed variables, the effects of cultivar, treatment and their
interactions were highly significant (p < 0.001). The only non-significant value was
found in the two-week treatment and the trait ‘root length’, for the interaction
cultivar x treatment. In plants subjected to the two-week treatment, relatively
stronger contributions to the sum of squares were those of ‘cultivar’ for the variables

root fresh weight (RFW) and stem length (SL), and ‘treatment’ for root water content
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(RWC), stem fresh weight (SFW), leaf fresh weight (LFW) and leaf water content (LWC).
For stem water content (SWC) and Pro, both factors, cultivar and treatment,
contributed similarly to the sum of squares (SS). On the other hand, most of the
variation observed for root length (RL), and stem diameter (SD) was due to
uncontrolled variation, as shown by the higher SS percentage of the residual (7ab/e
12iError! No se encuentra el origen de la referencia.).

Table 12. Two-way analysis of variance (ANOVA) of cultivar, treatment and their
interactions for the parameters considered. Numbers represent percentages of the sum of
squares at the 5% confidence level. Abbreviations

Two weeks Three weeks

Trait
Cultivar  Treatment Interaction Residual Cultivar Treatment Interaction Residual

RL  22.14**%*  18.42*** 9.24ns 50.19  32.90***  10.43***  21.52*** 35.16
RFW  33.01***  17.20%**  18.45*** 31.34  24.88***  4.54%** 15.05** 55.53
RWC  4.34***  70.52***  14.75*** 10.39  22.23*** 52.05***  13.58*** 12.15

SD  24.77***  27.08***  13.15*%** 35.00 14.17***  1.06** 23.61*** 61.16

SL 52.63*** 11.77***  9.85%** 2576  42.71*** 18.30***  18.17*** 20.81
SFW  19.51***  47.29***  13.84*** 19.36  26.50***  38.21***  15.10*** 20.19
SWC 30.07*** 33.12***  16.07*** 20.74  31.64***  21.15%**  32.13*** 15.08

Lno  24.67*** 32.12***  10.16*** 33.05  14.69***  9.06*** = 21.14*** 55.12
LFW 15.70*** 53.55***  16.85*** 13.89  32.54***  32.42***  23.8%** 11.24
LWC 25.53***  37.50***  14.52*%** 22.36  32.50***  24.36***  20.21*** 22.93

Pro  30.46*** 28.92***  1889*** 21.72 40.52***  20.08***  1561*** 23.79

Note: Abbreviations: RL, root length; RFW, root fresh weight; RWC, root water content; SD,
stem diameter; SL, stem length; SFW, stem fresh weight; SWC, stem water content; Lno, leaf
number; LFW, leaf fresh weight; LWC, leaf water content; Pro, proline content. Asterisks
indicate the degree of significance: *p < 0.05; ** p < 0.01; *** p < 0.001, ns = not significant.

The ANOVA of data obtained from the three-weeks-treated plants showed somewhat
different results. The effect of ‘cultivar’ was the most substantial contributor to SS
for the variables SL, LWC and Pro, and that of ‘treatment’ for RWC and SFW. The
relative contributions of cultivar and treatment were similar for LFW, and those of
cultivar and the interaction of both factors, for SWC. The most-significant
contribution to variation of RL, RFW, SD and the number of leaves (Lno) is accounted

for by the residual source of variation.
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Disregarding the individual responses to water and salt stress of the selected
bean genotypes, which vary quantitatively (Table S1), a general analysis was
performed, including all cultivars and using the mean values calculated for all
measured growth variables and Pro contents (jError! No se encuentra el origen de la
referencia.). After the water stress treatments, either for two or three weeks, all
morphological parameters determined in the stressed plants showed a significant
decrease with respect to the corresponding values of the well-watered controls. The
strongest reductions, down to less than 30% of the controls, were observed for root
and leaf fresh weight. The effect of water deficit was relatively weaker regarding the
reduction of root length and stem parameters (SD, SL and SWC), especially in the
three-week treatments. Leaf Pro concentration, on the contrary, significantly
increased in response to water stress, about 2.7-fold and 2.1-fold, as average, for
the plants treated for two and three weeks, respectively (7able 13).

Under the specific conditions of our experiments, salt stress had a smaller
effect than water deficit on the average growth inhibition of the bean cultivars,
reflected mostly in a sharp reduction (>70%) of the leaf fresh weight with respect to
the control, followed by that of stem fresh weight (about 50%). Other parameters,
such as root and stem water content, stem diameter or root fresh weight (in the two-
week treatment) did not change significantly or decreased only slightly in response
to increased salinity. The mean values calculated for most growth variables were
similar for both treatment times. Pro contents also rose significantly, about 2.6-fold

over control values, in the salt-treated plants (7ab/e 13).
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Table 13. Mean values and percentages with respect to the control (%) of traits measured
in Phaseolus vulgaris cultivars after two and three weeks of control (C), water stress (WS)
(withholding of irrigation) and salt stress (SS) (150 mM NaCl) treatments.

Trait Two weeks Three weeks
C WS SS C WS SS

RL (cm) 36.04c 23.24a 30.39b 29.50C 21.14A 25.73B
% 64.48 84.32 71.66 87.22
RFW (9) 3.22b 0.44a 336b 2.78C 0.69A 1.85B
% 13.66 104.35 24.82 66.55
RWC (%) 85.70b 31.94a 82.08b 84.07B 42.11A 85.28B
% 37.27 95.78 50.09 101.44
SD (mm) 3.87c 29la 355b 3.89C 3.18A 3.45B
% 75.19 9173 81.75 88.69
SL(cm) 148.63b 109.95a 115.75a 139.90B 95.43A 90.85A
% 7398 77.88 68.21 64.94
SFW (g) 10.40c 2.82a 537b 9.00C 3.18A 4.63B
% 27.12  51.63 35.33 51.44
SWC (%) 82.14b 56.84a 78.31b 82.82B 64.06A 79.47B
% 69.20 95.34 77.35 95.96
Lno 1243b 6.47a 7.42a 13.28B 7.35A 7.98A
% 52.05 59.69 55.35 60.09
LFW (g) 22.73¢ 257a 5.94b 18.21B 4.08A 5.40A
% 11.31  26.13 2241  29.65
LwcC 84.04c 38.39a 58.58bh 81.62C 49.31A 55.48B
% 45.68 69.70 60.41 67.97
Pro (umolg 1 DW) 31.67a 86.61b 82.74b 25.89A 53.57B 68.29C
% 273.48 261.26 206.91 263.77

Note: Abbreviations: RL, root length; RFW, root fresh weight; RWC, root water content; SD,
stem diameter; SL, stem length; SFW, stem fresh weight; SWC, stem water content; Lno, leaf
number; LFW, leaf fresh weight; LWC, leaf water content; Pro, proline content. Different letters
(lowercase for two-week and capital for three-week treatments) indicate significant
differences between treatments for each trait, according to the Tukey test, at the 95%
confidence level.
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Correlation Analysis

Pearson moment correlation between the analysed traits for salt and water
stress are presented separately for plants from the two-week (Fig. 715 a) and three-
week (jError! No se encuentra el origen de la referencia. b) treatments. Correlations
between all morphological variables were in most cases positive, for both stresses
and the two treatment times, although the correlation coefficients varied widely, from
r < 0.1 tor > 0.9. Considering specifically the two-week treatment, the strongest
correlations (r > 0.8) for the salt stress treatment were found between root water
content (RWC) and stem fresh weight (SFW) or water content (SWC); or between SFW,
leaf fresh weight (LFW) and the number of leaves (Lno) (Figure 1a). Under conditions
of water stress, the strongest positive correlations were also found between SFW, LFW
and Lno; between water contents of roots, stems and leaves (RWC/SWC/LWC) or
between SFW and stem diameter (SD) (Fig. 75 a). On the other hand, Pro contents
showed negative correlations with all growth parameters (except for RWC in the salt
stress treatment), most significantly with leaf water content, but also with LFW and
stem growth parameters (SFW and SWC). Correlations followed a similar pattern for
both types of stress but were weaker (lower ‘r’ values) in the case of salt stress (Fig.
15a).

Correlations between the different measured variables, generally positive for
growth parameters and negative between Pro contents and the rest of variables, were
maintained, qualitatively, when comparing the two- and three-week treatments, and
for both stresses, but with lower relative significance for the longer treatment time

(Fig. 15 b).
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Fig. 15. Heatmap of Pearson moment correlation coefficients (r) between the analysed traits
in Phaseolus vulgaris cultivars submitted to two weeks (a) and three weeks (b) of water and
salt stresses.
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Note: Dark blue denotes high correlation (r — 1), dark red high negative correlation
(r — —1). Abbreviations: RL, root length; RFW, root fresh weight; RWC, root water
content; SD, stem diameter; SL, stem length; SFW, stem fresh weight; SWC, stem water
content; Lno, leaf number; LFW, leaf fresh weight; LWC, leaf water content; Pro,
proline content.
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Principal Component Analysis (PCA)
A PCA was performed, separately for the cultivars subjected to the two-week

and three-week treatments and including the mean values of all measured
parameters and the three applied conditions (control, water stress and salt stress)
(Table 14, Fig. 16).

Table 14. Component weights in the PCA performed on cultivars subjected to two and three
weeks of treatments.

Trait Two weeks Three weeks
Component 1 Component 2 Component 1 Component 2

RL 0.320 -0.054 0.243 0.109
RFW 0.222 0.329 0.282 -0.017
RWC 0.318 0.267 0.250 0.529
SL 0.201 -0.578 0.262 -0.470
SFW 0.388 -0.178 0.421 -0.217
swc 0.325 0.436 0.319 0.491
Lno 0.322 -0.374 0.286 -0.282
LFW 0.370 -0.227 0.406 -0.264
LWC 0.354 0.260 0.384 0.218
Pro -0.291 -0.053 -0.240 -0.030

Note: Abbreviations: RL, root length; RFW, root fresh weight; RWC, root water content; SD,
stem diameter; SL, stem length; SFW, stem fresh weight; SWC, stem water content; Lno, leaf
number; LFW, leaf fresh weight; LWC, leaf water content; Pro, proline.

The PCA corresponding to the two-week treatments detected two components
with Eigenvalues higher than 1, which explained 70.1% of the total variability of data
(56.5% and 13.6% for the first and second components, respectively). All growth
parameters—most significantly the fresh weights of stems (SFW) and leaves (LFW),
followed by the water contents of both organs (LWC and SWC)—were positively
correlated with the first component, whereas the only one negatively correlated was

Pro concentration in leaves. Regarding the second component, some morphological
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variables (especially SWC and RFW) were positively correlated, whereas for others
(e.g., SL or Lno) the correlation was negative (Table 14, Fig. 16a).

Two components with an Eigenvalue higher than one were also detected in the
PCA corresponding to the three-week treatments, the first explaining 44.3% and the
second 14.0% of the total variability; that is, together explaining 58.3% of the total
variation. Correlations of the different variables followed similar patterns to those
observed for the cultivars treated for two weeks, for example regarding the negative
correlation of Pro with the first component, and the positive correlations of all growth
variables, with SFW and LFW showing the highest significance (7abl/e 74, Fig. 16b).

The 18 cultivars from the shorter treatment period (Fig. 17 a) were dispersed
onto the two axes of the scatterplot, indicating high variability in the selected
genotypes. There was, however, good separation between the different treatments,
not only when looking individually at each cultivar, but also considering the overall
behaviour of all genotypes. Plants from the control (green symbols) and water stress
(pink) treatments were clearly separated, with almost no overlapping between the two
conditions. Those symbols (blue) corresponding to the salt stress treatments appear
located in the scatterplot in-between the control and water stress samples, which
was in agreement with the weaker effect (on average) of the salt treatments as
compared to water deficit, under the specific conditions used in our experiments.
The scatterplot corresponding to the 29 cultivars that were subjected to the more
prolonged (three-week) treatment (Fig. 17 b) showed the same general picture, maybe
with more overlapping of the water- and salt-stressed plants. More-significant
dispersion of the scores was found, for both treatment times, in the controls
indicating a high variability of morphological traits of the different cultivars. Under
salt stress, the separation between scores was not so pronounced as under water
stress, suggesting a more homogeneous general response of the bean genotypes to

salinity than to drought, at least under the conditions of our experiments (Fig. 17).
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Fig. 16. Loading plot of the principal component analysis (PCA) conducted with the
analysed traits, in P. vulgaris cultivars subjected to control, water deficit and salt stress

treatments.
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Note: Two-week treatments (a); 56.5% and 13.6% of the total variability are explained by the
first (x-axis) and the second (y-axis) components, respectively. Three-week treatments (b);
44.3% and 14.0% of the total variability are explained by the first (x-axis) and the second (y-
axis) components, respectively. Abbreviations: RL, root length; RFW, root fresh weight; RWC,
root water content; SD, stem diameter; SL, stem length; SFW, stem fresh weight; SWC, stem
water content; Lno, leaf number; LFW, leaf fresh weight; LWC, leaf water content; Pro, proline.
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Fig. 17. Scatter plot of the PCA score

Note: Plants treated for two (a) or three weeks (b); control (green), water deficit (pink) and
salt stress (blue) treatments. (a) 1-9, cultivars from Spain; 10-15, from Colombia and 16-18,
from Cuba and (b) 19-32, cultivars from Spain; 33-45, from Colombia and 46 and 47 from
Cuba

Based on the PCA scatter plot in the two-week trial ig. 17 a), we identified four
accessions (7, 5, 13, and 17) with highly negative values for the first component (i.e.,
with high concentrations of Pro and low values for growth and water content

parameters), both for the water deficit and salinity treatments; these cultivars can be
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considered as highly susceptible to both stresses. On the other hand, three
accessions (25, 31 and 32) were detected in the three-week scatter plot (Fig. 17 b),
showing positive values for the first component (low Pro contents and limited growth
inhibition), both for the drought and salt stress treatments, indicating that these
accessions can be considered as the most tolerant to both stresses. Similarly, the
relative position of other accessions along the x-axis should allow a ranking of their
tolerance to water deficit and to salinity, within each group of cultivars (treated for

two or three weeks).

3.3.4. Discussion

In the present study, responses to drought and salinity have been analysed in 47
Phaseolus vulgaris genotypes of different origins. Large variability was observed in
the size and morphology of the plants of the different bean cultivars—as seen when
comparing their growth parameters (Supplementary Table S1) individually and also
by their dispersion in the PCA scatterplots (Fig. 77)—making it difficult to determine,
at first sight, the variables that are more relevant for assessing the relative degree of
stress—-induced growth inhibition and, therefore, for ranking the different cultivars
according to their relative sensitivity or resistance to water deficit and salt stress.
However, the statistical analyses performed with all experimental data provided a
clear overall picture of the responses to stress of the P. vulgaris cultivars. Both
‘cultivar’ and ‘treatment’, as well as their interaction, had a highly-significant effect
on (practically) all growth traits analysed, and on Pro contents, for the twoand three-
week treatments of both water deficit and salt stress. In all cases, growth inhibition
was mostly reflected in the stress-induced reduction of fresh weight and water
contents of stems (SFW and SWC) and leaves (LFW and LWC), as reported in the same
species (Al Hassan et al., 2016; Morosan et al., 2017) or other species of this genus
(Arteaga et al., 2018). These parameters are the growth variables most significantly

correlated, positively, with the first principal component in the PCA. Pro, on the other
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hand, was the only variable showing a negative correlation with all growth variables,
but particularly with those of stems and leaves mentioned above—as indicated by the
Pearson correlation coefficients and the loading plots of the PCAs.

When comparing the stress tolerance of related taxa, for example, different
cultivars of a particular crop, measurements of growth parameters are often
complemented with the determination of several biochemical stress markers,
associated with increased (or lower) tolerance; they include compatible solutes or
osmolytes (Andrade et al., 2016; Bacha et al., 2017; Sen et al., 2017; Kozminska et
al., 2019). Proline (Pro) is a common osmolyte in plants, which accumulates in
response to different types of abiotic stress, including drought and salinity, in a
variety of plant species (Szabados and Savouré, 2010; Verbruggen et al., 2008;
Grigore et al., 2011; Parvaiz and Satyawati, 2008). Besides its role in cellular osmotic
adjustment, Pro has additional functions as ‘osmoprotectant’; it directly stabilises
sub-cellular structures, such as membranes and proteins, scavenges free radicals
buffering redox potential, alleviates cellular acidosis and acts as a signalling molecule
in the responses to stress (Hayat et al., 2012; Rana et al., 2017). Proline also plays
essential roles in the absence of stress, being involved in many developmental
processes; for example, Pro concentration increases during pollen and seed
maturation. However, Pro can be toxic for certain tissues if it is partially catabolised
to pyrroline-5-carboxylate (P5C), leading to apoptosis (Kavi Kishor and Sreenivasulu,
2014). Considering the multiple functions of Pro, it is logical to assume that Pro
accumulation would be associated with higher stress tolerance, and this has indeed
been demonstrated for many plants, both wild species (Al Hassan et al., 2016; Al
Hassan et al., 2016) and crop0073 (Arteaga et al., 2018; Plazas et al., 2019). However,
other comparative studies on related taxa, such as species of the same genus or
cultivars or varieties of the same species, revealed higher Pro accumulation under

stress in the less-tolerant genotypes (Chen et al., 2007; Kozminska et al., 2018).
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There is some confusion, often found in the literature, between the concepts of
‘stress responses’ and ‘stress tolerance’. Even though stress tolerance mechanisms
are based on specific stress responses, not all responses are relevant for tolerance.
On this line, Pro accumulation can be considered as a general ‘response’ to abiotic
stress in many plant species, but Pro may or may not be involved in stress tolerance
mechanisms, depending on the species.

Common bean is clearly a Pro accumulator species, as numerous reports have
shown significant increases in Pro contents in Phaseolus plants in response to either
salt stress (Jimenez-Bremont et al., 2006; Al Hassan et al., 2016; Nagesh and Devaraj,
2008) or water stress (Morosan et al., 2017; Ashraf and Iram, et al., 2005; Rosales et
al., 2012) treatments. Also, Pro appears to be a good bioindicator in other types of
stress in beans, such as that induced by excess nitrogen dosage (Sanchez et al.,
2001), herbicides (Mackay et al., 1990) or heavy metals (Zengin and Munzuroglu,
2005).

Moreover, exogenous application of Pro was shown to alleviate the salt stress
deleterious effects in beans (Abdelhamid et al., 2013). However, there are some
contradictory data in the literature regarding the function of Pro in the mechanisms
of stress tolerance in Phaseolus. Some published reports indicated higher Pro
contents in more drought-tolerant (Kapuya et al., 1985; Herrera Flores et al., 2012;
Ghanbari et al., Kusvuran et al., 2017; Wang et al., 2019) or salt-tolerant (Misra and
Gupta, 2005; Cardenas-Avila et al., 2006; Kaymakonova and Stoeva et al., 2008)
cultivars than in less tolerant ones; that is, Pro accumulation correlates positively with
the degree of stress resistance, suggesting a direct contribution to stress tolerance
mechanisms. Other reports, on the contrary, showed that, under stress conditions,
the less tolerant genotypes had a higher concentration of this osmolyte than the more
resistant cultivars (Jimenez-Bremont et al., 2006; Al Hassan et al., 2016; Morosan et

al., 2017; Dominguez et al., 2014); therefore, in this case, Pro is simply a marker of
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the level of stress affecting the plants, accumulating at higher concentrations in the
more stressed—the more sensitive—cultivars, but is not directly involved in the
mechanisms of tolerance. This was also the conclusion of previous work from our
laboratory, comparing three commercial cultivars (two of P. vulgaris and one of P.
coccineus) and one Spanish common bean landrace (Al Hassan et al., 2016; Morosan
et al., 2017). All these latter studies, based on the comparison of a few bean
genotypes, generally some commercial cultivars, have been confirmed in the present
work, using a much larger number of cultivars of different origins and an extensive
statistical analysis of the experimental data.

Our results showed a strong negative correlation of Pro levels and growth
variables, especially the fresh weight and water content of the aboveground organs
of the plants; these are the most relevant parameters to evaluate the inhibition of
growth induced under water deficit and high salinity conditions. Therefore, there is
an unequivocal association of higher Pro contents with stronger growth inhibition;

that is, with a higher sensitivity to stress of the bean cultivars.

3.3.5. Conclusions

Phaseolus vulgaris cannot be considered as drought- or salt-tolerant. It is even
more sensitive to stress than many other crops such as barley or cowpea (Giirel et
al., 2016; Yoshida et al., 2020). However, amongst the extremely high number of
available genotypes of P. vulgaris, some will show a relatively higher resistance and
could be used as parental lines in bean breeding programmes aimed at enhancing
stress tolerance in this major crop. The identification of common bean accessions in
the extremes of variation for susceptibility and tolerance to water deficit and salinity
is of great interest for further studies on the physiological mechanisms of tolerance
to both stresses. Also, the development of segregating generations after
hybridisation between both types of materials can lead to the identification of

genomic regions involved in tolerance to these stresses. Proline concentrations in
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stressed plants can be determined by a simple and rapid spectrophotometric assay,
requiring only small amounts of leaf material. From a practical point of view, our
results support the use of Pro as a biochemical marker for the initial, large-scale
screening of bean cultivars, to exclude the most sensitive, those accumulating higher

Pro concentrations in response to water or salt stress.

Supplementary Materials: The following are available online at
http://www.mdpi.com/2073-4395/10/6/817/s1, Table S1: Variation of
morphological parameters and proline concentrations in 47 accessions of common
bean (Phaseolus vulgaris) under salt stress and water stress.
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Role of active transport of potassium to leaves in the mechanisms of

tolerance to salinity in common bean (Phaseolus vulgaris L.)

Abstract

Biochemical markers are of great utility in screening for salt tolerance of crops. In
common beans (Phaseolus vulgaris), lower levels of proline under stress have been
associated with a better stress resistance of cultivars. In the present study, the
responses to salinity have been analysed in six cultivars of common beans: four local
landraces from Spain and two experimental lines from Cuba. Proline was used for
ranking the relative tolerance of the cultivars, confirming a previous study which
reported as more stress-tolerant two of the Spanish landraces. Total soluble sugars
concentrations varied with treatments and between genotypes, but it was difficult to
assess their role in stress tolerance of the analysed plants. Sodium concentration in
leaves was the lowest in one of the two salt-resistant cultivars, and potassium did
not vary or even increased under salt stress in all of them, except for the most
susceptible one, where a drop of this cation was registered under 150 mM NacCl.
Changes in malondialdehyde (MDA) contents did not indicate salt-induced membrane
peroxidation resulting from secondary oxidative stress; consequently, accumulation
of total phenolic compounds and flavonoids, as an antioxidant defence mechanism,
was not detected. These results highlight the reliability of using proline as a
biochemical marker of salt stress in common beans and the importance of the
mechanism related to potassium transport to leaves in conferring stress tolerance to
some common bean cultivars.

Keywords: bean cultivars; potassium transport; proline; salt stress; sodium

exclusion.
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3.4.1. Introduction

The formidable challenge for agriculture represented by global warming and
other harmful effects of climate change makes studies on stress tolerance in crops
particularly relevant. An ever-growing human population, which will reach almost 10
x 109 people by the middle of the century, will need around 70% more food and plant
products provided by agriculture (Dwivedi et al., 2016). Agriculture, in areas with an
arid and semi-arid climate, and soon also in other parts of the world that will be
affected by climate change, relies on the extensive use of irrigation, which triggers
in time the so-called secondary salinisation. This is produced by the accumulation of
toxic ions in the soil from the irrigation water and is causing an enormous loss of
arable land every year (Daliakopoulos et al., 2016). Highly productive elite germplasm
developed to provide high yields under optimal cultivation conditions (irrigation, high
agrochemical inputs) may not cope with environmental restrictions imposed by
climate change (Fita et al., 2015). Climate-smart agriculture can rely on improving
cultural technologies, such as adjusting planting and harvesting time, genetic
engineering approaches or the use of cultivars or new crops better adapted to
environments prone to abiotic stress (Raza et al., 2019). Landraces developed as a
result of the human-mediated and natural selection of traits adapted to local
conditions, often suboptimal or even highly stressful. They shelter a high phenotypic
variability, and some are tolerant to abiotic or biotic stresses (Mercer and Perales,
2010). Therefore, landraces represent a valuable source of allelic richness that may
have an important role in the breeding of new varieties and also have an additional
market value as they are increasingly demanded by consumers as healthier and tastier
(Hurtado et al., 2014). Screening for stress tolerance in local landraces is achieving
more and more relevance (Arteaga et al., 2019, 2020). However, the mere knowledge
of which varieties are more tolerant to stress is not sufficient; the key is to analyse

the mechanisms supporting this tolerance. Plants respond to stress factors by the
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activation of a series of conserved responses at the cellular, tissue, organ and whole
plant levels (Larcher, 2003). Plant growth, especially the reduction of their fresh
weight and water content, are optimal parameters indicating the level of stress
affecting the plants since these processes depend on the metabolic and physiological
capacity for adaptation and acclimatisation to environmental conditions. Under salt
stress, the levels of ions, especially potassium and sodium, both in roots and leaves,
are also good indicators of stress tolerance in plants. Compatible solutes, also called
osmolytes, are diverse chemical compounds, which contribute to the osmotic
adjustment and play osmoprotective roles, acting as low-molecular-weight
chaperons in the stabilisation of proteins, membranes and other macromolecular
structures under conditions of cell dehydration, as well as in reactive oxygen species
(ROS) detoxification (Hussain et al., 2008; Szabados and Savouré, 2010). Excessive
ROS accumulation that occurs under different types of stresses in plants causes
oxidative stress, which activates antioxidant systems, both enzymatic and non-
enzymatic, for prevention or reducing oxidative damage to proteins, membranes and
DNA (Apel and Hirt, 2004; Turkan and Demiral, 2009). Amongst the major non-
enzymatic antioxidants are phenolic compounds, especially flavonoids, which have a
markedly antioxidant activity since they undergo oxidation before other compounds
and therefore protect against oxidant attacks.

Common bean (Phaseolus vulgaris L.) is an essential legume in human nutrition
(Broughton et al., 2003), with Mesoamerican and Andean origin (Gepts and Debouck,
1991; Rendén-Anaya et al., 2017), but cultivated since centuries in Europe, where a
secondary centre of diversification emerged in the Iberian Peninsula (Pinheiro et al.,
2007). Common bean is a glycophyte, sensitive to salt stress, as the vast majority of
crops. However, not all cultivars respond equally to salt stress, some showing a better
adjustment than others to saline soils (Gama et al., 2007; Kaymakanova and Stoeva,

2008; Al Hassan et al., 2016).
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This study aims to analyse the mechanisms of response to salt stress in a
selection of cultivars (both tolerant and susceptible to salinity) regarding (i)
accumulation of osmolytes, (ii) ionic homeostasis, (iii) levels of malondialdehyde
(MDA) as an indicator of oxidative stress, and (iv) accumulation of total phenolic

compounds and flavonoids as representative non-enzymatic antioxidants.

3.4.2. Materials and Method's

Plant material

The study included four local landraces of Phaseolus vulgaris from Spain
(BGV0OO1191, BGV0O01581, BGV0O04161 and BGV015856) and two experimental lines
from Cuba (E-125 and Milagro VIII) from INIFAT (Alexander Humboldt Institute for
Basic Research in Tropical Agriculture) and IIHDL (Liliana Dimitrova Horticultural
Research Institute, La Habana, Cuba). The seeds were provided by the Germplasm
bank of the Institute for the Conservation and Improvement of Valencian
Agrobiodiversity (COMAYV) of the Polytechnic University of Valencia, Spain, and the
Bioplants Center, University of Ciego de Avila, Cuba, respectively. A previous study
(Arteaga et al., 2020) reported that cultivars BGV004161 BGV0O15856 were relatively
more salt and drought tolerant, whereas the others, in particular, E125 were more

susceptible to these two types of stress.

Table 15. Origin of the common bean cultivars analysed.

Genebank's code Country Origin Name of the cultivar
BGV001191a Spain Almeria Judia
BGV001581a Spain Palma de Mallorca Judia de careta
BGV004161a Spain Plasencia, Céceres

BGV015856a Spain Alicante Habichuela del barco
E125b Cuba IIHLD

Milagro VIlIb Cuba INIFAT Milagro Villarefioa

a Local landraces; b experimental lines
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Plant growth and stress treatments

Seeds were germinated in trays with peat, perlite and vermiculite (2:1:1). Once
the first true leaves were formed, seedlings were transplanted to individual 1.6 L pots
with the same substrate and irrigated with Hoagland's nutrient solution (Hoagland
and Arnon, 1950). Salt treatments were started when the plants reached a height of
ca. 20 cm by watering twice a week with aqueous solutions of 50, 100 and 150 mM
NaCl, or with deionised water for the control treatments (Fig. 18). Treatments were
extended for 18 days in the greenhouse under the following conditions: long-day
photoperiod (16 h of light and 8 h of darkness), temperature of 230C during the day

and 170C at night, and relative humidity ranging between 50% and 80%.

Fig. 18. Plants exposed to saline stress treatments

Osmolyte quantification
Proline (Pro) determination was performed following the classical method
described by Bates et a/. (1973) with small laboratory modifications. Fresh leaf
material was extracted in a 3% (w/v) sulfosalicylic acid solution, then mixed with acid
ninhydrin, incubated for one hour at 95°C, cooled on ice and extracted with two

volumes of toluene. After collecting the upper organic phase, its absorbance was read
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at 520 nm, with toluene used as a blank. Total soluble sugars (TSS) were extracted
from dry leaf material with 80% (v/v) methanol, mixed on a rocker shaker for 24 h
and then quantified spectrophotometrically at 490 nm, following the
phenol/sulphuric acid method (Dubois et a/., 1956). The concentrations of TSS were

expressed as "mg equivalent of glucose" per g DW.

Monovalent ions measurements

Samples were extracted by incubating 0.15 g of ground dry leaf material in 25 mL
of water for one hour at 95°C in a water bath (Weimberg, 1987), followed by cooling
the sample on ice and filtration through a 0.45 um filter (Gelman Laboratory, PALL
Corporation). Sodium and potassium were measured in a PFP7 flame photometer

(Jenway Inc., Burlington, VT, USA).

MDA and non-enzymatic antioxidants quantification
Malondialdehyde (MDA), total flavonoids (TF) and total phenolic compounds (TPC)
were determined in 80% (v/v) methanol extracts of 100 mg of fresh plant material.
MDA was determined following the protocol of Hodges et al. (1999). Extracts were
mixed with 0.5% thiobarbituric acid (TBA), prepared in 20% TCA (or with 20% TCA
without TBA for the controls), and were then incubated at 95°C for 20 min. After
stopping the reaction on ice, the supernatant's absorbance was measured at 532 nm.
The non-specific absorbance at 600 and 440 nm was subtracted, and the MDA
concentration was calculated with the equations described in Hodges et al. (1999).
Total phenolic compounds (TPC) were quantified as described in Blainski et al.
(2013) by reaction with the Folin-Ciocalteu reagent. The extracts were mixed with
the reagent and sodium carbonate and left in the dark for 90 min. Absorbance was
recorded at 765 nm, and the results were expressed in equivalents of gallic acid, used
as a standard (mg eq GA g-' DW).
Total flavonoids (TF) were measured by reaction of the methanol extracts with

NaNO2 followed by AICI3 at a basic pH (Zhishen et al., 1999). Absorbance was
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measured at 510 nm, and the TF contents were expressed in ‘equivalents of catechin,

used as a standard (mg eq C g-' DW).

Statistical analysis

Data were analysed using the software Statgraphics Centurion v.16 (Statpoint
Technologies, Warrenton, VA, USA). A two-way analysis of variance (ANOVA) was
performed for all traits analysed to check the interaction between the genotype and
the treatments in all cultivars. The post-hoc Tukey test (p<0.05) was used to check

the effect of treatment in each genotype separately.

3.4.3. Results

Osmolytes

Two main types of osmolytes have been analysed in the six accessions of
common bean. Proline (Pro) increased in response to salt stress in all cultivars, and
differences with respect to other treatments were significant in the presence of 150
mM NaCl, for all cultivars. However, a considerable difference in Pro concentration
was noticed between cultivars, with maximal values ranging from 56 ymol g-1 DW in
BGV004161 to 106 pmol g-' DW in BGV0O01191. Also, there was a clear difference in
the relative increase of Pro contents, in relation with its background values in the
non-stressed controls, which were more pronounced in BGV0O01191 and BGV0O01581,
whereas the smallest increase was registered in BGV004161 and BGV015856 (Fig.
19jError! No se encuentra el origen de la referencia. A).

Total soluble sugars (TSS) did not vary significantly in the cultivars BGVO01191
and BGV001581. In BGV004161 and Milagro VIII, TSS showed an increase under 50
and 100 mM NaCl, followed by a drop at 150 mM NaCl. In cultivars BGV015856 and
E125, TSS increased in parallel to the concentration of NaCl applied, but not all

differences were significant (Fig. 19 B).
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Fig. 19. Variation of osmolytes contents in response to salt stress in the six cultivars of common
beans analysed; (A) Proline; (B) Total soluble sugars
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Monovalent ions

Na+ increased in all plants subjected to salt stress in parallel to the
concentration of NaCl applied. The lowest levels of foliar Na+ under salt stress were
found in the cultivar BGV0O15856 and the highest in BGV0O01191, but in the latter, the
relative increase was small, as Na+ concentration was also high in the control plants.
The variation of Na+ levels in plants treated with 150 mM NaCl, in comparison to non-
stressed plants, ranged from 2.3-fold in BGV015856 and 2.72-fold in BGV0O01191 to
over 4-fold in the remaining cultivars (Fig. 20 A).

K+ levels in leaves did not vary significantly at low or moderate external
salinities and generally increased in the plants treated with the highest NaCl
concentrations, except for cultivar E125, in which a reduction of leaf K+ contents was
observed in the presence of 150 mM NaCl. The highest relative increase in K+ (1.8-
fold), was registered in cultivar BGV001191, characterised by lower values of this
cation in control plants (Fig. 20 B).

MDA and chemical antioxidants quantification

Malondialdehyde (MDA) leaf contents showed no statistically significant
variation in cultivars BGV0O01191, BGV 001581, or BGV004161, and displayed
fluctuations not related to the concentration of salt applied in the remaining cultivars.
The only significant increase was registered in plants of the cultivar BGV015856

subjected to 150 mM NaCl (Fig. 27).
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Fig. 20. Monovalent cation content variation in response to salt stress in the six cultivars
of common beans analysed; (A) Sodium, (B) Potassium.
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Fig. 21. Malondialdehyde content variation in response to salt stress in the six cultivars of
common beans analysed
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The antioxidant compounds analysed in the present work were the total
phenolic compounds (TPC) and total flavonoids (TF). The first presented a variation
that could not be correlated with the levels of salinity applied to the plants. In general,
the highest levels of TPC were found in control plants, except for cultivar BGV004161,
where values were slightly higher in plants from the 50 mM NaCl treatment (Fig. 22
iError! No se encuentra el origen de la referencia.A). In the case of TF, compared to
the non-stressed controls, a decrease under salt stress was observed in cultivars
BGVO01191 and BGV004161, no variation was found in BGVO15856, and an increase
was detected in BGVOO1581, E125 and Milagro VIIl. However, only in the latter
cultivar, the increase was gradual, in parallel to the rise in the concentration of NaCl
(Fig. 22 B).

Fig. 22. Variation in antioxidant compounds contents in response to salt stress in the six
cultivars of common beans analysed; (A) Total phenolic compounds, (B) Total flavonoids
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Factorial ANOVA

A two-way ANOVA was performed considering the effect of cultivar, treatment and
their interaction. The effect of cultivar was significant for all parameters analysed,
except for total phenolic compounds (TPC), and that of treatment for all traits
evaluated except malondialdehyde (MDA) and total flavonoids (TF). Regarding the
interaction of the two factors, it was significant for all parameters, except for Na+,
which showed a similar pattern of variation, increasing in all cultivars under salt
stress, although its concentrations were different between treatments. The statistical
analysis confirmed the previous observation, revealing that osmolytes and
monovalent cations are reliable stress parameters and at the same time, allow a
proper differentiation of cultivars. Of these categories, proline and potassium are
optimal according to their lower residual values.

Table 16. Percentages of the sum of squares (5S) from the two-way analysis of variance
(ANOVA) of cultivar, treatment, and their interactions, for the indicated parameters.

Parameter Cultivar (C) Treatment (T) Interaction (C x T) Residual
Pro 21.63*** 44 57*** 11.57%** 22.24
TSS 13.43*** 24 73*** 17.08** 44.74
Na+ 21.17%** 42.93*** 4.82 31.08
K+ 57.88*** 6.19%** 10.83*** 25.10

MDA 24 A3*** 3.33 26.86*** 45.38
TPC 6.55 14.53*** 18.32* 60.58
TF 48.26*** 1.25 15.95%** 34.52

k% and * indicate significant at p < 0.001, p < 0.01, and p < 0.05, respectively
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3.4.4. Discussion

The six cultivars investigated here were the subject of a previous study
regarding salt and drought tolerance in a large number of cultivars (Arteaga et al/.,
2020). Out of the 47 cultivars analysed in the previous work, BGV004161 and
BGV015856 appeared as more stress-tolerant and were characterised by reduced
levels of proline under stress, whereas the cultivar E125 was one of the most
susceptible to stress and showed a significant increase of proline under both water
and salt stress. The results reported here confirmed that the more tolerant genotypes
identified in our previous study were those that experimented the smallest increase
in the concentration of proline in leaves in response to increasing salinity. Proline is
one of the commonest compatible solutes accumulated by plants under different
types of stress (Szabados and Savouré, 2010; Grigore et al, 2012). Besides its
essential role in osmotic adjustment as an osmolyte, Pro also has a function in
osmoprotection, by directly stabilising sub-cellular structures such as membranes
and proteins, in free-radical scavenging or as a signalling molecule in stress
responses (Hayat et al., 2012; Kavi Kishor et al., 2014; Rana et al., 2017). Proline
accumulation has been reported in beans under different stressful conditions, from
the presence of herbicides (Mackay et al, 1990) or heavy metals (Zengin and
Munzuroglu, 2005) to drought (Ashraf and Iram, 2005; Rosales et al., 2012; Morosan
et al., 2017) and salinity (Jiménez-Bremont et al., 2006; Nagesh and Devaraj, 2008;
Al Hassan et al., 2016). Higher Pro levels were reported in the more stress-tolerant
cultivars in several studies comparing two or a few cultivars (Misra and Gupta, 2005;
Cardenas-Avila et al.,, 2006; Kaymakonova and Stoeva, 2008; Herrera Flores et al.,
2012; Ghanbari et al., 2013), whereas others, based on a larger number of cultivars,
revealed higher Pro levels in the more susceptible ones (Dominguez et al., 2014;
Arteaga et al., 2020). In the present study, the levels of Pro increased with increasing

salinity in all cultivars, but its absolute values were lower in the more salt-resistant
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BGV004161 and BGV0O15856 cultivars. On the contrary, Pro contents were higher, and
the increase more pronounced, in the remaining four cultivars, which in the previous
analysis were ranked as more susceptible to stress.

Total soluble sugars (TSS) play an essential role in osmotic adjustment under
stress in many plant species and act as signalling molecules regulating the expression
of different genes involved in photosynthesis, sucrose metabolism and osmolyte
biosynthesis (Rosa et al, 2009). However, as TSS are direct products of
photosynthesis and are involved in many metabolic processes, their specific role in
stress tolerance is sometimes difficult to be assessed (Gil et a/., 2011). Salinity was
reported to increase levels of TSS in leaves (Abdallah et a/., 2016) and in fruits after
ripening (Yin et al., 2010) in different species. Although there is no clear correlation
between TSS and the salt treatments applied (Al Hassan et al, 2016), leaf
concentrations of some specific sugars considerably increased under stress in
different bean cultivars, such as glucose and inositol (Bahena-Betancour et al., 2006)
myo-inositol (Al Hassan et al., 2016). Accumulation of sucrose and starch in the
pericarp has also been observed (Tazuke et a/, 2009). In this study, a gradual
increase of TSS in parallel to the concentration of NaCl has been detected only in the
stress susceptible cultivar E125. For a better understanding of the TSS variation in
this cultivar, separation, identification and quantification of individual soluble
carbohydrates, for example by HPLC analysis, would be required to provide a more
in-depth insight.

An essential mechanism related to salt stress responses is ion absorption and
transport. The primary response in glycophytes in conditions of high soil salinity is
generally blocking the transport of toxic Na+ ions from roots to aboveground organs,
contrary to dicotyledonous halophytes, which usually actively transport the ions to
the leaves and accumulate them in their vacuoles as cheap osmotica (Flowers et a/.,

1986; Flowers and Colmer, 2008). It is known that plants of the genus Phaseo/us can



Resultados 161

exclude sodium from the shoots, even in the presence of relatively high NaCl
concentrations in the soil (Seemann and Critchley, 1985; Bayuelo-Jiménez et al.,
2012), and that mechanisms that restrict the transport of Na+ to the aerial part of the
plants are more efficient in the relatively more tolerant cultivars (Al Hassan et al.,
2016). This seems to be also the case of the more stress-resistant cultivar
BGV015856 analysed here, which showed the lowest levels of Na+ under salt stress.
Sodium accumulation is generally associated with a drop in K+ levels, mostly due to
the competition of the two cations for the same membrane transport systems (Tester
and Davenport, 2003). Potassium is regarded as the 'physiological' cation, whose
deficiency has adverse effects on photosynthesis, protein biosynthesis and turgor
driven movements (Gierth and Maser, 2007). However, in all cultivars included in the
present study, except for the most salt-sensitive E125, K+ leaf contents did not
decrease with increasing external salinity, even rose significantly over control levels
at high salt concentrations. Maintaining relatively high cellular K+ concentrations
under salt stress conditions is a well-known fundamental mechanism of tolerance
(Shabala and Cuin, 2007). Increased K+ in foliar tissue is the result of the activation
of K+ transport to the leaves at high salinity, which may be regarded as an important
mechanism of tolerance in this species as in many others (Volkov et a/., 2003; Schiop
et al.,, 2015; Kozminska et al., 2018).

Salinity, like other types of stress, is usually associated with secondary oxidative
stress. MDA, a final product of membrane lipid peroxidation is considered as a
reliable marker of oxidative stress (Del Rio et al., 2005), as one of the symptoms of
oxidative damage is cell membrane degradation. However, no significant increase in
MDA was detected in salt-treated plants, with the exception of plants from the 150
mM NaCl treatment of cultivar BGV015856, indicating that generally they were not
affected by salt-induced oxidative stress. These results suggest that, under the

specific conditions of our experiments, possible mechanisms of tolerance based on
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the activation of antioxidant systems are not relevant in the analysed cultivars. This
would explain the lack of correlation of TPF and TF contents with the relative salt
tolerance of the tested cultivars and the concentrations of salt applied. In other bean
cultivars and under different conditions, however, there is evidence that these
secondary metabolites may increase in response to abiotic stress treatments (Taibi et

al.,, 2016; Rahma et al., 2019.

3.4.5. Conclusion

Proline is a reliable marker of salt stress in common beans, its leaf contents
increasing to higher levels in the more stress-susceptible cultivars. One of the main
mechanisms conferring a relative salt resistance to common beans appears to be the
active transport of potassium to leaves, maintaining its levels stable or even
increasing in response to salt stress, thus partly compensating the deleterious effects
of toxic Na+ accumulation. This mechanism contributed to the relatively higher
tolerance of two local landraces from Spain as compared to the other cultivars
analysed in the present work. However, under the specific salt stress treatments
applied to the plants, tolerance mechanisms based on the activation of antioxidant

systems are not relevant since no secondary oxidative stress was generated.
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Las plantas se pueden enfrentar a amplias condiciones de estrés ambiental, entre
las que se incluyen las temperaturas extremas, sequia, salinidad, inundaciones,
toxicidad, diversos estreses oxidativos, que pueden afectar negativamente el
crecimiento y limitar que éstas alcancen su maximo potencial de crecimiento. Estas
alteraciones abidticas afectan los entornos naturales y los rendimientos de los
cultivos (Mahajan y Tuteja, 2005). El cambio climatico es un desafio al que el sector
agricola se debe enfrentar. El aumento de las temperaturas puede llegar a reducir la
cantidad y la calidad del agua. El agua es un recurso esencial para los ecosistemas y
para el hombre, su uso esta sometido a una presiéon cada vez mayor en diferentes
partes del mundo. El cambio climatico requiere de una gestion mas sostenible del
agua. Por otra parte, un efecto negativo en el desarrollo y la produccién de cultivos
son las inundaciones, por lo tanto, es importante seleccionar cultivos adecuados y
controlar el agua del suelo mediante estrategias de manejo agrondmico apropiadas.

Alteraciones en las temperaturas también representan problemas para el
sector agropecuario, por ej. el estrés por heladas puede ocasionar dafios en flores y
frutos en formacion y por ende bajos rendimientos en los cultivos, altas o bajas
irradiaciones pueden tener impactos directos en la biomasa de los cultivos y la calidad
de los mismos, puesto que los procesos de la fotosintesis y respiracién estan
intimidante relacionadas con la temperatura, la intesidad de la luz y su calidad. En
zonas aridas y semiaridas, aunque el riego ayuda aumentar la productividad, sobre
la explotacion de los sistemas de riego, el manejo de plantas arvenses y algunas
practicas agricolas mal realizadas conducen a la salinizacién del suelo. Actualmente,
casi el 20% de todas las tierras cultivadas y de regadio (equivalentes a 62 millones de
ha) estan afectadas negativamente por la sal, y algunas estimaciones llegan hasta el
50% (Khan et al., 2015).

El trabajo de investigacién que permite determinar la resistencia a la salinidad

de Phaseolus lunatus L. en cuatro variedades locales de Espafia, es el primero que
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informa sobre los efectos de la sal en el cultivo; y su importancia radica en que la
salinidad es uno de los factores ambientales que mas limita la productividad en los
cultivos, ya que altas concentraciones en el suelo los hace sensibles y causa pérdidas
econdmicas al sector agricola. A su vez este estudio puede contribuir al desarrollo
de una seleccion eficiente de métodos para seleccionar genotipos de Phaseolus
relativamente tolerantes a la salinidad en beneficio de los mejoradores y agricultores
con el fin de ayudar a preservar la diversidad genética del cultivo.

Las plantas glicofitas reducen su crecimiento cuando sufren estrés por la
presencia de sal en el suelo, mientras que las halofitas son tolerantes a la sal y las
plantas dicotiledéneas en algunos casos pueden llegar a tolerar concentraciones muy
bajas con valores inferiores a 50 mM de NaCl (Glenn, 1987; Glenn et al., 1999). Para
hacer frente al estrés por salinidad, las plantas han desarrollado diferentes
estrategias de adaptacidén, que se superponen parcialmente con las respuestas al
estrés por sequia, e incluyen una reducciéon de la pérdida de agua mediante la
regulacion del cierre de los estomas, la reduccién del crecimiento y la proteccion del
estrés ionico (Munns & Tester, 2008).

Segun Zorb (2018) la tolerancia a la salinidad varia entre cultivares. Asimismo,
la tolerancia de los cultivos a la sal puede variar con su etapa de crecimiento (Maas y
Grieve, 1994). Algunos cultivos de cereales y leguminosas, como el sorgo, maiz,
cebada, arroz, caupi y el trigo, son tolerantes a la salinidad en la germinacion, pero
sensibles en las plantulas y en las primeras etapas de crecimiento vegetativo, pero
nuevamente se vuelven tolerantes en la madurez (Akbar & Yabuno, 1977; Ashraf,
1994). Estas razones nos llevan a realizar estudios en cuatro accesiones de P. lunatus
con el fin de conocer la tolerancia de sal en estos cultivares locales. De los cuatro
genotipos de P. lunatus analizados en este estudio, el cultivar BGV-15410 demostré
ser el mas tolerante a la sal, mientras que el VPH-79 fue el mas sensible al estrés

salino. Los efectos del estrés salino se observaron con mayor claridad en hojas, en
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dénde mostraron reducciones significativas en su numero y peso fresco, esto
coincide con estudios realizados por Thuzar et al., 2011 dénde investiga sobre la
tolerancia a salinidad de cuatro cultivares de Vigna, con concentraciones de NaCl (0,
75, 150 y 225 mM en la etapa de plantula y observé que el estrés salino inhibid casi
todos los parametros de crecimiento, asi como en el contenido hidrico; sin embargo
el grado de reduccion dependié en gran medida de los genotipos y niveles de
salinidad.

Por otra parte, los porcentajes del contenido hidrico en el cultivar BGV-12848
no disminuyéd, lo que indica la presencia de mecanismos eficientes que evitan la
deshidratacién inducida por la sal, contrarrestando el estrés osmaético generado por
la salinidad; por lo tanto, la reduccion del crecimiento probablemente se debid al
componente de “toxicidad idénica” provocada por exceso de sales. En un intento por
identificar los mecanismos responsables de la tolerancia a la sal en esta especie, las
concentraciones de varios marcadores bioquimicos asociados con vias de respuestas
especificas fueron determinadas en plantas con tratamiento de Control y Salinidad
en esta especie. Algunos autores informan sobre la disminucién en la concentracion
de clorofila en muchas especies de leguminosas bajo condiciones de alta salinidad
(Taffouo et al., 2010; Taibi et al., 2016); esto se debe tanto a la inhibicién de las
enzimas asociadas con la sintesis de clorofila como a la activacién de la clorifilasa
responsable de su degradacién (Soussi et al., 1998; Santos, 2004). Sin embargo, en
nuestro estudio no se detectaron cambios significativos en las concentraciones de
clorofila en ninguno de los cuatro cultivares de P. /unatus. Por otro lado los
carotenoides tuvieron una reduccidon significativa en los cv mas sensibles a la sal
VPH-79, pero no varié en BGV-12848 y BGV-15410 y aumentd en BGV-1588. La
ausencia de variacién en el contenido de clorofila no significa tolerancia a la sal, ya
gue otros factores (que no se consideran en este estudio) pueden resultar en una

disminucion significativa del nimero de hojas y biomasa observada en los cultivares
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mas sensibles. No obstante, la falta de degradacién de la clorofila inducida por la sal
observada en este experimento probablemente se debe a una mayor resistencia a la
salinidad de P. /unatus en comparacidn con otras especies de leguminosas. La
resistencia a la salinidad en varias especies de Phaseol/us y también en diferentes
cultivares de P. vulgaris, se ha asociado con la exclusion de iones (Na+y Cl-) en la
parte aérea de las plantas, asi como con el mantenimiento de concentraciones
estables de K+ en las hojas (Gil et al., 2014; Jacobi, 1964; Kramer et al, 1977; Seeman
& Critchley, 1985; Bayuelo-Jimenez et al., 2012; Gama et al., 2007; Al Hassan et al.,
2016). El potasio se considera uno de los cationes “fisiologicos” esenciales para el
metabolismo, el crecimiento y desarrollo de las plantas (Gierth & Maser, 2007),
mientras que las altas concentraciones de Na+ tienen efectos nocivos sobre las
plantas no haléfitas, inhibiendo muchas actividades enzimaticas y procesos celulares
(Rodriguez-Navarro & Rubio, 2006; Adams & Shin, 2014). Ademas, un incremento de
las concentraciones de Na+ generalmente se asocia con una reduccién de K+, ya que
ambos cationes compiten entre ellas mismas y el Na+ reduce la absorcion de K+ en la
célula mediante el transporte de proteinas en la membrana. Muchas plantas
tolerantes a la sal pueden mantener altas concentraciones de K+ cuando se exponen
a la salinidad, como se ha descrito, por ejemplo, en Thellungiella halophila, un
pariente de la glicofita Arabidopsis thaliana tolerante a la sal (Volkow et al., 2003).
La concentracion de K+ en hojas se mantuvieron o incrementaron, especialmente a
altas concentraciones de sal, en respuesta a los tratamientos de sal en los cultivares
de frijol lima analizados aqui. Curiosamente, las concentraciones de K+ en el Control
fueron altas en los cultivares BGV-15410 y BGV-1588, y a su vez fueron los cultivares
mas tolerantes a la salinidad. Un mayor contenido de K+ en ausencia de sal puede
ser un mecanismo de defensa innato, que podria permitir que estos dos cultivares se
ajusten mejor a las condiciones de salinidad. Se puede afirmar que altas

concentraciones de K+ en hojas de plantas estresadas por sal se puede considerar
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como un mecanismo general de tolerancia en habas. Estos datos coinciden con el
con el papel fundamental del K+ en las respuestas de las plantas a la salinidad (y a
otros estreses bidticos y abioticos), reiterando la necesidad de optimizar la
fertilizacion de K+ para evitar su deficiencia en el suelo (Wang et al., 2013) en este
cultivo, asi como para otros cultivos.

Los parametros bioquimicos que claramente separan los cuatro cultivares
estudiados fue la concentracion de prolina que se midié en las hojas al finalizar los
tratamientos de sal. La prolina es un osmolito en las plantas, que se acumula no solo
en condiciones de estrés salino, sino también en respuesta a otros estreses abiotico
como sequia, temperaturas extremas, deficiencias nutricionales, presencia de
metales pesados, contaminacién del aire o alta radiacion ultravioleta, y en algunos
casos a la infeccion por patdégenos en plantas (Hare & Cress, 1997; Saradhi et al.,
1995; Siripornadulsil et al., 2002). Ademas de su papel clave en el ajuste osmético
celular bajo estrés, también esta involucrado en la estabilizacion de estructuras
macromoleculares, como membranas y proteinas (Siripornadulsil et al., 2002), y en
libre captacién de radicales (Verbruggen & Hermans, 2008; Smirnoff & Cumbes,
1989). En nuestro estudio, BGV-15410 y BGV -1588, mostraron la mayor tolerancia
a la sal (considerando el grado relativo de inhibicién del crecimiento), se registra
significativamente que las concentraciones foliares de prolina fueron mas altas al
compararlas con los otros dos cultivares bajo estrés salino y condiciones de control.

No existe una correlacién clara entre las concentraciones de prolina y la
tolerancia al estrés en las especies del género Phaseolus. En la judia, algunos
reportes detectan altas concentraciones de prolina en los cultivares mas tolerantes
(Cardenas-Avila et al., 2006), mientras que en otros los niveles mas altos se
encontraron en los cultivares mas sensibles (Jiménez-Bremont et al., 2006). Al
Hassan et al., (Al Hassan et al., 2016) en sus analisis sobre cultivares P. vulgaris, en

los mas tolerantes midié concentraciones mas bajas de prolina y las concentraciones
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totales de prolina estaban muy por debajo de las determinadas en P. /unatus en el
presente trabajo. La prolina parece desempenar un papel importante en el ajuste
osmoético de las habas, y la mayor concentracién de prolina presentes en los dos
cultivares mas tolerantes a la sal son probablemente responsables, al menos
parcialmente para esta tolerancia.

Por otra parte, al analizar las accesiones de P. vulgaris, se destacod la gran
variabilidad para la mayoria de las 32 caracteristicas evaluadas. Se ha reportado en
trabajos anteriores una alta diversidad en colecciones de judias de origen espafiol
(Gil & De Ron, 1992; Rodifio et al., 2003). Es también evidente la diversidad de tipos
en cuanto a tamano, color y forma de las semillas, asi como para otras caracteristicas
relacionadas con las principales diferencias entre los dos acervos genéticos, el
mesoamericano y el andino; ellas incluyen el tamafo, y la forma de la hoja trifoliada
terminal, bractéolas, la presencia o ausencia de lineas en la base del estandarte y la
posicion del pico de la vaina. Esta investigacidon coincide con los resultados obtenidos
por otros autores que han demostrado que, en la Peninsula Iberica, después de siglos
del cultivo ocurri6 una mezcla de los dos grupos de germoplasma (Andino y
Mesoamericano). Esto ya fue revelado, con base a estudios morfoldgicos, patrones
de proteinas de faseolina y marcadores moleculares (Rodifio et al., 2003; Pérez-Vega
et al.,, 2009). La existencia de ambos acervos supone un valor anadido para
germoplasmas espanoles. Esta alta variabilidad de accesiones espafiolas es de gran
valor para su adaptacion a las condiciones ambientales de ambas areas de
domesticacion del cultivo. Ademas, se pueden utilizar como puente para la
transferencia de genes entre accesiones pertenecientes a ambos grupos de genes,
como ya ha sugerido Rodino et al. (Rodifio et al., 2003).

Los andlisis del cluster y PCA fueron congruentes, y las accesiones se
separaron claramente por sus rendimientos y sus componentes, principalmente los

relacionados con las vainas y semillas, asi como el color de las semillas. Estas
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caracteristicas son mucho mas importantes para explicar la diversidad de tipos de
judias en Espafa, en contraste con otros rasgos relacionados con el crecimiento y
precocidad de las plantas. La falta de agrupaciéon de accesiones de diferentes
origenes refleja una falta de diferenciacion regional, probablemente causada por el
transporte por humanos e intercambio de semillas entre agricultores.

El alto numero de caracteristicas que presentan interacciones entre el genotipo
y ambiente, cuando se cultiva en primavera y otofno, esta de acuerdo con informes
anteriores (Vaid et al., 1985; Escribano et al., 1994). También, Nienhuis et al.,
(Nienhuis & Singh, 1986) y Sill et al., (Sills & Nienhuis, 1993) reportaron efectos en el
ambiente en la expresion de rasgos en diferentes tipos de judias. Esto significa que
el mejor genotipo para un entorno puede no ser el mejor para otro y, por lo tanto, se
deben desarrollar tipos especificos de frijoles para cultivo en diferentes entornos
(Hosfield et al., 1984). En este ensayo, el principal factor ambiental diferencial entre
las dos estaciones de crecimiento, otofo y primavera fue la radiacién solar, mientras
que la temperatura y la humedad relativa se controlaron en el invernadero.
Aproximadamente el 50% de las accesiones no mostraron una gran variacién en el
rendimiento al comparar las dos estaciones. Sin embargo, las otras accesiones
mostraron variacion, la mayoria alcanzando mayores rendimientos en primavera, en
la que la radiacion solar favorece la fotosintesis y, en consecuencia, la
fotoasimilacién, independientemente del origen geografico de las accesiones. Las
respuestas de las accesiones a los diferentes entornos que se evaluaron en este
trabajo es de gran interés, ya que los resultados obtenidos se pueden trasladar a los
programas de mejora genética.

Los valores de desviacion estandar para el peso, la longitud y el ancho de la
semilla fueron mayores que los reportados por Escribano et al. (Escribano et al.,
1998), que estudié un conjunto de 66 variedades locales recolectadas en Galicia

(Espafa). Lo mismo ocurrié con los rasgos relacionados con las caracteristicas
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vegetativas, como longitud (Leafl) y el ancho de la hoja (Wcshe), y otros rasgos de
las vainas y semillas. El rango de variacidon para estos rasgos también fue mayor en
el conjunto de accesiones estudiadas en el presente trabajo que en el germoplasma
estudiado por Rodifio et al. (Rodifio et al., 2003), que consistid en un grupo de 388
cultivares recolectados en las principales regiones de produccién de la Peninsula
Ibérica y una coleccion central de 52 accesiones construida a partir de un grupo de
388 cultivares. Esta alta fuente de variabilidad puede ser empleada para desarrollar
variedades con caracteristicas muy diferentes, adaptadas a diferentes entornos, y
también adaptado a las preferencias del mercado, en ambos grupos de cultivares,
con semillas blanquecinas y pardas, los cudles son econdmicamente mas
interesantes.

Por otra parte, se realizaron estudios con el fin de analizar las respuestas a la
sequia y la salinidad de 47 genotipos de diferentes origenes de P. vulgaris. Se
observo una gran variabilidad en los parametros de crecimiento por individuos y
también por su dispersion en los diagramas de PCA, lo que dificulta determinar a
primera vista las variables que son mas relevantes para evaluar el grado relativo de
inhibicién del crecimiento inducida por el estrés, y por lo tanto, para clasificar los
diferentes cultivares segun su sensibilidad o resistencia al estrés hidrico y salino. Sin
embargo, los analisis estadisticos realizados con todos los datos experimentales
proporcionaron una imagen general clara de las respuestas al estrés de los cultivares
de P. vulgaris. Ambos, “cultivar” y “tratamiento”, asi como su interaccion, tuvieron
un efecto muy significativo en (practicamente) todos los caracteres de crecimiento
analizados, y en el contenido de prolina, para los tratamientos de dos y tres semanas
tanto estrés hidrico como salino. En todos los casos, se observd una reducciéon del
crecimiento en los caracteres del peso fresco y el contenido hidrico de los tallos (SFW
y SWC) y hojas (LFW y LWC), como lo informaron en la misma especie (Al Hassan et

al., 2016; Morosan et al., 2017) u otras especies de este género (Arteaga et al., 201 8).
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Estos parametros de crecimiento fueron los mas correlacionados positiva y
significativamente, en la primera componente principal del PCA. La prolina, por otro
lado, fue la unica variable que mostré una correlacién negativa al medirla con las
variables de crecimiento, pero particularmente con las de tallos y hojas mencionadas
anteriormente, como lo indican los coeficientes de correlacién de Pearson y las
graficas de los PCA.

Al comparar la tolerancia al estrés de taxones asociados, por ejemplo,
diferentes cultivares de una especie en particular, las mediciones de los parametros
de crecimiento a menudo se complementan con la determinacién de varios
marcadores de estrés bioquimico, asociados con una mayor (0 menor) tolerancia;
incluyen solutos u osmolitos compatibles (Andrade et al., 2016; Bacha et al., 2017;
Sen et al., 2017; Kozminska et al., 2019). La Prolina es un osmolito comun en las
plantas, que se acumula en respuesta a diferentes tipos de estrés abiético, incluida
la sequia y salinidad, en una variedad de especies de plantas (Szabados & Savouré,
2010; Verbruggen &Hermans, 2008; Grigore et al., 2011; Parvaiz & Satyawati, 2008).
Ademas de su papel en el ajuste osmotico celular, la Prolina tiene funciones
adicionales como “osmoprotector” y es acumulado en condiciones de estrés en las
plantas; estabiliza directamente las estructuras subcelulares, como membranas vy
proteinas, elimina los radicales libres que amortiguan el potencial redox, alivia la
acidosis celular y actia como una molécula de sefializacién en las respuestas al estrés
(Hayat et al., 2012; Rana et al., 2017). La prolina también juega un papel esencial en
ausencia del estrés, esta involucrada en muchos procesos de desarrollo de la planta;
por ejemplo, la concentracién de prolina aumenta durante la maduracién de poleny
semillas. Sin embargo, la prolina puede ser toxico para ciertos tejidos si se cataboliza
parcialmente a pirrolina-5-5-carboxilato (P5C), lo que conduce a la apoptosis (Kavi
Kishor & Sreenivasulu, 2014). Considerando las multiples funciones que cumple la

prolina, se asume que la acumulacién de la prolina se asocia con una mayor tolerancia
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al estrés, y esto se ha demostrado en muchas plantas, tanto especies silvestres (Al
Hassan et al., 2016; Al Hassan et al., 2016) como cultivos (Arteaga et al., 2018; Plazas
et al., 2019). Sin embargo, otros estudios sobre taxones relacionados, especies del
mismo género o cultivares y/o variedades de la misma especie, revelaron una mayor
acumulacion de prolina bajo estrés en los genotipos menos tolerantes (Chen et al.,
2007 y Kozminska et al., 2018). Existe cierta confusion, que a menudo se encuentra
en la literatura, entre los conceptos de “respuestas al estrés” y “tolerancia al estrés”.
Aunque los mecanismos de tolerancia al estrés se basan en respuestas al estrés, no
todas las respuestas son relevantes a la tolerancia. En este orden de ideas, la
acumulacion de prolina se puede considerar como una “respuesta” general al estrés
abiético en muchas especies de plantas, pero la prolina puede o no estar involucrado
en los mecanismos de tolerancia al estrés, segun la especie.

La judia comun es claramente una especie acumuladora de prolina, diversos
estudios han reportado importantes aumentos en el contenido de la prolina en
plantas de Phaseolus como respuesta a tratamientos bajo estrés salino (Jiménez-
Bremont et al., 2006; Al Hassan et al., 2016; Nagesh et al., 2008) y/o estrés hidrico
(Morosan et al., 2017; Ashraf & Iram, 2005; Rosales et al., 2012). Ademas, la prolina
es un indicador en otros tipos de estrés en judias, como el inducido por una dosis
excesiva de nitrogeno (Sanchez et al., 2001), herbicidas (Mackay et al., 1990) o
metales pesados (Zengin & Munzuroglu, 2005). Ademas, se demostré que la
aplicacion exdgena de prolina alivia los efectos perjudiciales del estrés salino en
judias (Abdelhamid et al., 2013). Sin embargo, algunas investigaciones se
contradicen sobre la funcién de la prolina en los mecanismos de tolerancia al estrés
en cultivares de Phaseolus. Algunos autores afirman que hay un mayor contenido de
prolina en cultivares mas tolerantes a la sequia (Kapuya et al., 1985; Herrera-Flores
et al., 2012; Ghanbari et al., 2013; Kusvuran & Dasgan, et al., 2017; Wang et al.,

2019) o tolerantes a la sal (Misra et al., 2005; Cardena-Avila et al., 2006;
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Kaymakonova et al., 2008) que en cultivares menos tolerantes, es decir, la
acumulacion de prolina se correlaciona positivamente con el grado de resistencia al
estrés, lo que sugiere una contribucion directa a los mecanismos de tolerancia al
estrés. Otros informes, por el contrario, mostraron que, bajo condiciones de estrés,
los genotipos menos tolerantes tenian una mayor concentracién de este osmolito que
los cultivares mas resistentes (Jiménez-Bremont et al., 2006; Al Hassan et al., 2016;
Morosan et al., 2017; Dominguez et al., 2014); por lo tanto, en este caso, la prolina
es simplemente un marcador del nivel de estrés que afecta a las plantas,
acumulandose en concentraciones mas altas en los cultivares mas estresados (los
mas sensibles), pero no esta directamente involucrado en los mecanismos de
tolerancia. Como lo afirma, Al Hassan (Al Hassan et al., 2016) al comparar dos
cultivares comerciales de P. vulgaris (Maxidor y “The prince”) y una variedad local de
judia comun espafol (Judia de Franco) y un cultivar de P. coccineus L. (Moonlight) (Al
Hassan et al., 2016 y Morosa et al., 2017) y coincide con la versidon anterior y
afirmando en nuestra investigacion aunque con un mayor numero de genotipos de
diferentes origenes y un extenso analisis estadistico.

Los resultados expuestos en este trabajo de investigacién muestran una fuerte
correlacion negativa entre los niveles de prolina y las variables de crecimiento,
especialmente el peso fresco y el contenido hidrico de la parte aérea de la planta;
estos fueron los parametros mas relevantes que permitieron evaluar la inhibicién del
crecimiento inducida por las condiciones de estrés hidrico y salinidad al que fueron
expuestas los cultivares analizados. Por lo tanto existe una asociacion inequivoca de
un mayor contenido de prolina con una mayor reduccién en el crecimiento; es decir,
con una mayor sensibilidad al estrés de los cultivares de judia.

Los seis cultivares investigados aqui fueron objeto de un estudio previo sobre
la tolerancia a la sal y la sequia en un gran numero de cultivares (Arteaga et al., 2020).

De los 47 cultivares analizados, BGV004161 y BGVO15856 aparecieron como mas
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tolerantes al estrés y se caracterizaron por niveles reducidos de prolina bajo estrés,
mientras que el cultivar E125 fue uno de los mas susceptibles al estrés y mostré un
aumento significativo de prolina. bajo estrés hidrico y salino. Los resultados
reportados aqui confirmaron que los genotipos mas tolerantes identificados en
nuestro estudio fueron aquellos que experimentaron el menor aumento en la
concentracién de prolina en las hojas en respuesta al aumento de la salinidad. La
prolina es uno de los solutos compatibles mas comunes acumulados por las plantas
bajo diferentes tipos de estrés (Szabados & Savouré, 2010; Grigore et al., 2011). La
prolina también tiene una funcion en la osmoproteccién, estabilizando directamente
estructuras subcelulares como membranas y proteinas, en la captaciéon de radicales
libres o como molécula de sefializacion en las respuestas al estrés (Hayat et al., 2012;
Kavi Kishor et al., 2014; Rana et al., 2017). Se ha reportado acumulacion de prolina
en judias bajo diferentes condiciones estresantes, desde la presencia de herbicidas
(Mackay et al., 1990) o metales pesados (Zengin y Munzuroglu, 2005) hasta sequia
(Ashraf e Iram, 2005; Rosales et al., 2012). ; Morosan et al.,, 2017) y salinidad
(Jiménez-Bremont et al., 2006; Nagesh y Devaraj, 2008; Al Hassan et al., 2016).
Varios estudios reportaron niveles mas altos de prolina en los cultivares mas
tolerantes al estrés cuando se compararon dos o pocos cultivares (Misra y Gupta,
2005; Cardenas-Avila et al., 2006; Kaymakonova y Stoeva, 2008; Herrera Flores et
al., 2012; Ghanbari et al., 2013), mientras que otros, basados en un mayor nimero
de cultivares, revelaron niveles mas altos de prolina en los mas susceptibles
(Dominguez et al., 2014; Arteaga et al., 2020). En el presente estudio, los niveles
de prolina aumentaron con el aumento de la salinidad en todos los cultivares, pero
sus valores absolutos fueron menores en los cultivares BGV004161 y BGV0O15856
mas resistentes a la sal. Por el contrario, los contenidos de prolina fueron mayores,
y el aumento mas pronunciado, en los cuatro cultivares restantes, que en el analisis

anterior ya que se clasificaron como mas susceptibles al estrés.
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Los azucares solubles totales (TSS) juegan un papel esencial en el ajuste
osmotico bajo estrés en muchas especies de plantas y actian como moléculas de
sefalizacion que regulan la expresion de diferentes genes involucrados en la
fotosintesis, el metabolismo de la sacarosa y la biosintesis de osmolitos (Rosa et al.,
2009). Sin embargo, como los TSS son productos directos de la fotosintesis y estan
involucrados en muchos procesos metabdlicos, su papel especifico en la tolerancia
al estrés a veces es dificil de evaluar (Gil et al., 2011). Se informé que la salinidad
aumenta los niveles de TSS en las hojas (Abdallah et al., 2016) y en los frutos después
de la maduraciéon (Yin et al., 2010) en diferentes especies. Aunque no existe una
correlacion clara entre el TSS y los tratamientos de sal aplicados (Al Hassan et al.,
2016), las concentraciones foliares de algunos azucares especificos aumentaron
considerablemente bajo estrés en diferentes cultivares de frijol, como glucosa e
inositol (Bahena-Betancour et al., 2006) mioinositol (Al Hassan et al., 2016). También
se ha observado acumulacion de sacarosa y almidon en el pericarpio (Tazuke et al.,
2009). En este estudio, se detectd un aumento gradual de TSS en paralelo a la
concentracion de NaCl solo en el cultivar susceptible al estrés E125. Para una mejor
comprension de la variacion de TSS en este cultivar, se requeriria la separacion,
identificacién y cuantificacién de carbohidratos solubles individuales, por ejemplo,
mediante analisis de HPLC, para proporcionar una visién mas profunda.

Un mecanismo esencial relacionado con las respuestas al estrés salino es la
absorcion y el transporte de iones. La respuesta principal de los glucéfitos en
condiciones de alta salinidad del suelo es generalmente bloquear el transporte de
iones toxicos de Na+ desde las raices a los érganos aéreos, a diferencia de las
halofitas dicotiledéneas, que generalmente transportan activamente los iones a las
hojas y los acumulan en sus vacuolas (Flowers et al., 1986; Flowers y Colmer, 2008).

Se sabe que las plantas del género Phaseolus pueden excluir el sodio de los

brotes, incluso en presencia de concentraciones relativamente altas de NaCl en el
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suelo (Seemann vy Critchley, 1985; Bayuelo-Jiménez et al., 2012), y que los
mecanismos que restringen el transporte de Na+ a la parte aérea de las plantas es
mas eficiente en los cultivares relativamente mas tolerantes (Al Hassan et al., 2016).
Este parece ser también el caso del cultivar mas resistente al estrés BGV0O15856
analizado aqui, que mostré los niveles mas bajos de Na+ bajo estrés salino. La
acumulacion de sodio generalmente se asocia con una caida en los niveles de K -,
principalmente debido a la competencia de los dos cationes por los mismos sistemas
de transporte de membrana (Tester y Davenport, 2003). El potasio se considera el
cation "fisiolégico", cuya deficiencia tiene efectos adversos sobre la fotosintesis, la
biosintesis de proteinas y los movimientos impulsados por la turgencia (Gierth y
Maser, 2007). Sin embargo, en todos los cultivares incluidos en el presente estudio,
excepto en el E125 el cual fue mas sensible a la sal, el contenido de las hojas de K+
no disminuyé con el aumento de la salinidad externa, incluso aumenté
significativamente sobre los niveles de control a altas concentraciones de sal. El
mantenimiento de concentraciones de K+ celular relativamente altas en condiciones
de estrés salino es un mecanismo fundamental de tolerancia bien conocido (Shabala
y Cuin, 2007). El aumento de K+ en el tejido foliar es el resultado de la activacién del
transporte de K+ a las hojas a alta salinidad, lo que puede ser considerado como un
importante mecanismo de tolerancia en esta especie como en muchas otras (Volkov
et al., 2003; Schiop et al., 2015; Kozminska et al., 2018).

La salinidad, como otros tipos de estrés, suele estar asociada con el estrés
oxidativo secundario. La MDA, un producto final de la peroxidacion lipidica de la
membrana, se considera un marcador confiable de estrés oxidativo (Del Rio et al.,
2005), ya que uno de los sintomas del dafio oxidativo es la degradacion de la
membrana celular. Sin embargo, no se detecté un aumento significativo de MDA en
las plantas tratadas con sal, con la excepcién de las plantas del tratamiento 150 mM

de NaCl del cultivar BGV015856, lo que indica que en general no se vieron afectadas



Discusion General 183

por el estrés oxidativo inducido por la sal. Estos resultados sugieren que, en las
condiciones especificas de nuestros experimentos, los posibles mecanismos de
tolerancia basados en la activacién de sistemas antioxidantes no son relevantes en
los cultivares analizados. Esto explicaria la falta de correlacion de los contenidos de
TPF y TF con la tolerancia relativa a la sal de los cultivares probados y las
concentraciones de sal aplicadas. En otros cultivares de frijol y en diferentes
condiciones, sin embargo, existe evidencia de que estos metabolitos secundarios
pueden aumentar en respuesta a tratamientos de estrés abiotico (Taibi et al., 2016;

Rahma et al., 2019).
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En este estudio se ha comprobado que el estrés hidrico y salino tiene un efecto
sobre el crecimiento de P. /lunatusy P. vulgaris, Sin embargo, hay una gran diferencia
en los niveles de tolerancia a estos tipos de estrés entre los cultivares analizados.
Seqguir realizando investigacién sobre el estrés abiotico es fundamental ya que
permitira comprender las respuestas de los cultivos y su adaptacién e identificacion
de practicas agrondmicas que permitan aliviar los efectos del estrés salino e hidrico
y a su vez preservar la productividad de los cultivos.

Segun las investigaciones realizadas durante este proyecto de investigacion,
se concluye que, durante el crecimiento vegetativo, algunos cultivares de P. /unatus
podrian tolerar tres semanas de exposicion a salinidades superiores con
concentraciones superiores a 150 mM NaCl, sin embargo estos estudios deben
extenderse a tratamientos salinos mas prolongados durante un ciclo de vida
completo, donde se incluya la evaluacién de los efectos de la salinidad en las
caracteristicas agrondémicas, tales como el rendimiento y la calidad del cultivo en
general, esto antes de concluir sobre la tolerancia a la sal de los cultivares de judia
de lima. En cualquier caso, los resultados presentados brindan informaciéon sobre
los mecanismos basicos de contribuyen significativamente a la tolerancia a la
salinidad en esta especie, que incluyen el mantenimiento o aumento de las
concentraciones de K+ y la acumulacion de prolina en hojas, como respuesta al
tratamiento de estrés salino. Estos mecanismos parecen ser, en parte, innatos, ya
gue se han medido niveles relativamente mas altos de K+ y prolina en los cultivares
mas tolerantes también en ausencia de estrés. Por lo tanto, la determinacion de las
concentraciones foliares de prolina y K+ puede presentar una estrategia rapida vy
sencilla para seleccionar un gran numero de cultivares de judia lima con el fin de
preseleccionar aquellos genotipos con una mayor probabilidad de ser mas tolerantes

a salinidad.



Conclusiones 186

Phaseolus vulgaris no se puede considerar tolerante a la sequia o salinidad. Es
incluso mas sensible al estrés que muchas otras especies cultivadas. Sin embargo,
entre el nimero extremadamente alto de genotipos disponibles de P. vulgaris,
algunos mostraran una resistencia relativamente mayor y podrian usarse como lineas
parentales en programas de mejoramiento de judias destinados a mejorar la
tolerancia al estrés en este cultivo principal. La identificacion de accesiones de judia
comun en los extremos de variaciéon de susceptibilidad y tolerancia al déficit de agua
y salinidad es de gran interés para estudios adicionales sobre los mecanismos
fisiologicos de tolerancia a ambos tipos de estrés. Ademas, el desarrollo de
generaciones segregantes después de la hibridacion entre ambos tipos de materiales
puede conducir a la identificacién de regiones genémicas implicadas en la tolerancia
a estos estreses. Las concentraciones de prolina en plantas bajo estrés pueden
determinar mediante un ensayo espectrofotométrico simple y rapido, que requiere
solo pequenas cantidades de material foliar. Desde un punto de vista practico,
nuestros resultados apoyan el uso de prolina como marcador bioquimico para la
seleccion inicial a gran escala de cultivares de frijol, para excluir los mas sensibles,
aquellos que acumulan concentraciones mas altas de prolina en respuesta al estrés
hidrico o salino.

La prolina es un marcador confiable de estrés salino en judia, su contenido de
hojas aumenta a niveles mas altos en los cultivares mas susceptibles al estrés. Uno
de los principales mecanismos que confieren una relativa resistencia a la salinidad de
la judia comun parece ser el transporte activo de potasio a las hojas, manteniendo
sus niveles estables o incluso aumentando en respuesta al estrés salino,
compensando asi en parte los efectos deletéreos de la acumulacién téxica de Na-+.
Este mecanismo contribuyd a la tolerancia relativamente mayor de dos variedades
locales de Espafa en comparacion con los otros cultivares analizados en el presente

trabajo. Sin embargo, bajo los tratamientos especificos de estrés salino aplicados a
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las plantas, los mecanismos de tolerancia basados en la activacién de sistemas

antioxidantes no son relevantes ya que no se generé estrés oxidativo secundario.
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