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Abstract

Frost is one of the principal limiting factors for agricultural production in the high Andean region. One of the most important
grain crops in that region, quino€lienopodium quino®/illd.), is generally less affected by frost than most other crop species,
but little is known about its specific mechanisms for frost resistance. This study was undertaken to help understand quinoa’s
response to various intensities and durations of frost under different levels of relative humidity (RH). The effect of frost on seed
yield and plant death rate was studied, and content of soluble sugars, proteins, and free proline, was analyzed, in order to develop
criteria for the selection of cultivars with improved resistance to frost. On the basis of greenhouse and phytotron experiments, it
was concluded that at the two-leaf stage, cultivars from the altiplano of Peru, 3800 m above sea level, te&1@téat 4 h,
whereas a cultivar from the Andean valleys tolerated the same temperature for only 24°@¢ plant death rate increased
from 25% at high relative humidity to 56% at low RH After a frost treatment-df C applied at the two-leaf stage, final seed
yield was reduced by 9% compared to control plants not exposed to frost. For the same treatment applied at the 12-leaf and
flowering stages, yield reductions were 51 and 66%, respectively, indicating that frost for 2 h or more during anthesis caused
significant damage to the plants. In general, an increased level of soluble sugars implied a greater tolerance to frost, resulting in
higher yields.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Agriculture in the Andean highlands is character-
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cold hardening. During cold acclimation a complex
of responses in plants at the cellular, physiological
and developmental levels take place. The adaptation

ized by a high degree of risk due to a range of adverse processes related to frost resistance are regulated in a

climatic factors such as drought, frost, wind, halil,
and soil salinity Mujica and Jacobsen, 1999; Jensen
et al., 2000; Jacobsen et al., 2003; Garcia et al., 2003
A certain degree and duration of frost is lethal to most
organisms, due to dehydration of the intracellular en-
vironment and physical damage by ice crystals. This
adverse factor is of great importance in the Andes
with significant diurnal temperature variations, and
frost at night up to 200 days a year. Temperatures
below 0°C normally occur in the Andean region for
a period of time between 12 p.m. and 6 a.@rdce,
1985; Capelo, 1993 The two most common types
of frost are radiative and convective, also known as
white and black frost, respectively. White frost, which
causes relatively little damage in nature, occurs un-
der high relative humidity (RH) and a relatively high
dew point temperatureRUiz, 1995. With this type

polygenic mannerGaliba et al., 2001 Freezing toler-
ance is composed of at least two independent genetic
components, non-acclimated freezing tolerance and
acclimation capacity§tone et al., 1993 The strategy
of adaptation consisting of autumn accumulation of
reserves and their subsequent utilization during hiber-
nation (wintersleep) may be considered common for
even remote organisms. This becomes possible as a
result of higher thermoresistance of photosynthesis,
as compared to respiration, and low light require-
ments for photosynthesis saturation at low positive or
negative temperatureki{mov, 2003). Klimov (2003)
also mentioned that the absolute values of the photo-
synthesis/respiration ratio in the hardened plants was
1.5-2 times higher than non-hardened plants.

Even in frost tolerant winter varieties a certain pe-
riod of growth at low, but non-freezing temperature

of frost, water vapor condenses and freezes on theis required for the development of frost hardiness
leaf surface, causing the release of heat and a gradualJanda et al., 2003 This cold acclimation includes

cooling of the environment. Black frost occurs when
the air is dry, with temperatures not reaching the dew
point temperature. In this case, the water in the leaf

several physical and biochemical processes, includ-
ing changes in membrane compositidtighida and
Murata, 199% and the accumulation of protective

tissue freezes rather than the water vapor. Becausecompounds, such as carbohydrates, abscisic acid

there is no atmospheric vapor to alleviate this phe-
nomenon, the air temperature drops rapidly. At sunrise
the following morning, the ice evaporates quickly,
leaving necrotic spots in the foliagR(iz, 19995.

In the Andean highland adverse factors such as
frost and drought affect the length of the growth sea-

(ABA), free amino acid and polyamineRé#cz et al.,
1996. Studies on potatoSplanum tuberosunt..)
(Stone et al., 199andBrassica rapg Teutonico et al.,
1995 showed that inherent and acclimation-specific
freezing tolerance are under separate genetic con-
trol. This was also shown for oil seed rafgrgssica

son and the crops and varieties to grow. The processnapusL.) (Hawkins et al., 2002

of acclimation, for instance to freezing temperature,

During acclimation to drought stress, it has been

is important in many crops. Some crops, e.g. maize, demonstrated that several metabolic and physiolog-
rice, cotton, cucumber and tomato, are commonly ical changes that may increase resistance to desic-
chilling-sensitive, due to their tropical and subtropical cation occur, and that some of these changes may
origin. When the temperature drops slightly below be common to various adverse factors. An important
the growth optima, the photosynthesis rate decreases,common response to drought and cold stress seems
and the critical chilling stress temperature leads to to be the increased accumulation of sugars, for in-
a marked reduction of photosynthesigvige and stance in oatAvena satival.), rye (Secale cereale
Naylor, 1987. In wintersown crops, such as cereals L.) and other cropsAlberdi et al., 1993; Koster and
and oil seed rape, a cold hardening (acclimatization) Lynch, 1992; Alberdi and Corcuera, 199Rapacz
takes place under natural conditions in the autumn (1999)showed that the progress of the cold acclima-

when the temperature gradually decreases’®© éver
several weeks. Temperatures of 2€5and photope-
riods of about 12 h are considered to be optimal for

tion process may lead to an increase in soluble sugar
content in oil seed rape. Proline and sucrose contents
increased with stress duration, while the content of
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