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Propositions

1. K* accumulation is more a survival than a salt tolerance
mechanism in quinoa.
(this thesis)

2. Epidermal bladder cells are not, by definition, salt bladders.
(this thesis)

3. Bureaucracy around the Nagoya Protocol hampers scientific
development, protection and fair sharing of genetic resources.

4. The development of dietary supplements should only be
research-driven.

5. A new Green Revolution focused on novel, resilient and resource-
use-efficient crops is needed.

6. Physical distancing because of COVID-19 has increased the
social divide in many countries.

7. The #MeToo movement should lead to sexual violence policy
reforms worldwide.
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Chapter 1

1. The challenge of soil salinization

The world’s surface land occupies around 13.2 billion ha of which 1.5 billion
ha are cultivated. Of the total cultivated land, 227 Mha are irrigated and from those,
20 % are salt-affected. Of the non-irrigated cultivated land, an additional 2.5 % also
suffers from salinity, resulting in more than a billion-ha in total (Ivushkin et al. 2019b;
Srivastava et al. 2019; Tanji 2002). Soil salinization is the condition when soluble
salts accumulate in the soil to a level that has a negative impact on the growth and
development of plants, environmental health, and/or economic welfare (Rengasamy
2006; Srivastava et al. 2019). More than 100 countries struggle with soil salinization
that limits crop productivity, causes substantial economic losses and threatens the
current and future global food security (Tanji 2002). The distribution of salt-affected
land in the world is depicted in Figure 1.
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Figure 1. Global salt-affected soils by salt and severity. Adapted from (Wicke et al. 2011).

Salinization can be primary or secondary. Primary salinization occurs when
salinity develops due to natural processes, mainly by the intrusion of ocean water
into coastal areas and rivers followed by evapotranspiration, or by the rise of
groundwater (Daliakopoulos et al. 2016). Secondary salinization has an
anthropological origin caused by diverse factors such as the application of chemical
fertilizers, deforestation, and salt-rich water irrigation (Srivastava et al. 2019).

Unfortunately, soil salinization is an expanding challenge strongly
associated with climate change. Sea level rise in combination with drought and
groundwater exploitation is expected to increase the seawater intrusion into coastal
areas; temperature rise with a consequent increase in evapotranspiration is likely to
increase salinization especially in arid and semi-arid areas; abandonment of salt-
affected agricultural land will likely worsen the condition of those areas; and finally,
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regular drought periods will increase the need of irrigated agriculture that mostly
relies on poor-quality water sources (Daliakopoulos et al. 2016).

2. Consequences of salinity for the soil, environment, agriculture and
economic welfare

Salinity directly affects physical properties of the soil. It promotes soail
dispersion and causes the conversion of soil into a cement-like structure with
reduced aeration and low hydraulic capacity. In addition, saline soils are often poor
in organic matter and have an imbalance in mineral content such as low magnesium
and calcium (Srivastava et al. 2019). It is often associated with a decline in
biodiversity through habitat fragmentation, loss of non-tolerant species and changes
in the ecosystem equilibrium. It affects the life of rural communities around the globe
(Srivastava et al. 2019). It has been identified as one of the most serious
environmental factors limiting the productivity of crops. The economic costs of soil
salinization are difficult to estimate and include complex socioeconomic interactions.
Direct costs are associated with losses in crop yields and expensive remediation
investments for the recovery of affected land, while indirect costs include the
abandonment of agricultural areas causing unemployment plus the loss of
biodiversity and environmental services from degraded lands (Qadir et al. 2014).

The rapid expansion of soil salinization and its serious consequences to
economy and food security are a strong motivation to understand how salinity affects
plant growth and why salt stress tolerance is imperative for the development of
sustainable agriculture.

3. A brief history of salinity and plants

Earth is a salty planet. Life presumably arose in “primitive oceans” (with
similar or even higher salinity than the current oceans), so the cells of early life forms
on our planet were adapted to salinity. Plant terrestrialization is thought to have
occurred several times, and phylogenetic evidence suggests that the ancestors of
land plants belonged to charophyte algae, and were most probably fresh/brackish
water-adapted organisms (Flowers et al. 2010). This origin might explain why many
land plants can withstand slight/moderate salinity, but only 1-2 % of all the higher
plant species survive salinities close to seawater (Volkov and Beilby 2017).

Since the appearance of primitive plants, climate and geography have
changed immensely, creating all kinds of new habitats that plants were able to
colonize. The environmental pressure from those niches characterized by high
salinity, such as coastal environments, salt marshes, salt lakes and arid areas, must
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have been the evolutive driver for the appearance and successfulness of halophytes
(Bromham 2014).

Halophytes are plant species that can complete their life cycle under high
salt concentrations (2200 mM NaCl, or similar conditions in their natural
environments) (Flowers and Colmer 2008). Halophytes are taxonomically
widespread across all the families of flowering plants and have evolved
independently in many lineages; it is presumed that halophytic plants evolved no
less than 59 independent times (Cheeseman 2015).

Salt stress affects the performance of plants in several ways. To start, the
presence of ions in the growth medium reduces its water potential, which affects
water uptake. As a consequence, plant turgor is reduced as well as leaf expansion
and growth, stomatal closure is promoted and with that the photosynthesis rate
decreases (Shabala and Munns 2017). Until a certain threshold, plants are able to
adapt to a lowered water potential (osmotic adjustment) mostly by the synthesis of
organic osmolytes, or (especially in halophytes) by the accumulation of inorganic
ions, mainly Na* and CI~. Plants use two strategies to deal with high ion
concentrations in the soil at varying degrees: avoiding ion uptake, excluding Na* and
ClI~ from leaves and relying on organic solutes for osmotic adjustment (ion
exclusion); or taking up ions and sequestering them into the vacuole, to be used as
osmotica (tissue tolerance) (Munns and Gilliham 2015). When excessive amounts
of ions enter the transpiration stream and reach (transpiring) leaves, they may cause
cytotoxic damage and osmotic imbalances within tissues (Morton et al. 2019).
Additionally, salt stress usually induces oxidative stress due to the generation of
reactive oxygen species (ROS) (Isayenkov and Maathuis 2019).

Mechanisms have evolved in all plants to be able to withstand the presence
of salts in the soil, but the salinity level that a plant species is able to tolerate varies
considerably between the flora of saline areas (halophytes) and the vast majority of
plant species from ecosystems with low salt levels (glycophytes). Yet even
halophytes will be affected, and will eventually die above a certain threshold of
salinity. At damaging salt levels, glycophytes and halophytes face the same
complications: insufficient osmotic adjustment resulting in reduced turgor,
dehydration, stomatal closure and limited net photosynthesis, cytotoxic damage by
Na* and CI” ions in the cytoplasm, K*, Ca** and Mg?* deficiency, and/or damage
from ROS (Flowers and Colmer 2015). Salt tolerance can be defined as the ability
to grow, even if more slowly, and produce harvestable yield in soils affected by
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salinity, and is usually expressed as the percentage of biomass/yield production in
saline vs control conditions over a prolonged period of time (Munns et al. 2020a).

When exposed to salinity, plants display a large number of anatomical and
physiological responses to tolerate the stressful conditions schematically
represented in Figure 2.
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General introduction

As most of the responses displayed in Figure 2 are common for glycophytes and
halophytes, the high salt tolerance of halophytes is predominantly due to a greater
robustness and efficiency of the employed mechanisms, rather than unique
processes in these species (Isayenkov and Maathuis 2019). Knowledge of the
mechanisms of salt tolerance is crucial for revealing the genetic and molecular basis
of salt tolerance in plants with potential application for breeding of crops with
enhanced ability to grow in saline soils. The essential salt tolerance mechanisms
used by halophytes to withstand salt are summarized below (Flowers and Colmer
2008; Glenn et al. 1999; Flowers and Colmer 2015; Wungrampha et al. 2018):

High ability to exclude Na* and CI~ from roots (from 90- 99.6 %), and a highly
selective K*- uptake system.

Osmotic adjustment, relying more on the accumulation of inorganic ions than
production and accumulation of organic ions. For example, in several
species of Chenopodiaceae Na* and CI~ ions contribute about 65 % of the
total solute concentrations, while sugars contribute 1 % (Flowers and
Colmer 2008). Other species use K" and SO,*" for osmotic adjustment (Ben
Hamed et al. 2018).

Compartmentalization of Na* and CI~ in the vacuole, coupled with the
production of species-specific compatible solutes, (the most common ones:
glycinebetaine, proline, inositol, pinitol, sorbitol and mannitol) in the
cytoplasm.

Accumulation of high K* concentrations in shoots (the ratio Na*/ K* is
normally between 0.5-1).

Accumulation of CI” in the shoots for electrochemical balance of Na* and K*.
Tight regulation of ion transport from roots to shoots.

Increase in succulence (associated with an increase in cell size, decrease
in surface area per tissue volume and higher water content per unit of leaf
area).

Control in stomatal closure is fast and efficient and it is not accompanied by
loss of leaf water content. Together with morphological adaptation in leaves
(e.g. succulence), it increases WUE in the plants and does not limit
photosynthesis.

Efficient neutralizing of reactive oxygen species (ROS).

Maintenance of higher net photosynthetic rate by stabilizing the
photosystems and protecting the photosynthetic machinery.

Salt excretion through salt glands (recreto-halophytes).
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e Switch strategy of carbon assimilation (certain halophytes switch from C3 to
CAM (e.g. Portulacaria afra, Mesembryanthemum crystallinum) or C4 to
CAM (e.g. Portulaca oleracea)).

Considering the complexity and diversity of mechanisms that contribute to salt
tolerance, breeding or engineering crops adapted to saline soils has proven to be a
challenging task. In addition, investment in salt tolerance mechanisms normally
come with trade-offs for crop productivity, which might make salt-tolerant varieties
commercially uncompetitive (Gilliham et al. 2017; Wani et al. 2020; Yamaguchi and
Blumwald 2005). Several approaches have been considered to develop agriculture
in saline areas (Flowers 2004; Algahtani et al. 2019):

e Improve farming practices to prevent secondary salinization

e Soil remediation to reduce the salt content in soils

¢ Incorporate new/ alternative salt-tolerant crops

e Exploit natural variation and use landraces or wild relatives of existing crops
that might have improved salt tolerance to improve the salt tolerance of
current crops

This thesis explores the third option mentioned above to face the challenge of
salinity: introducing quinoa (Chenopodium quinoa), a novel, globally emerging salt
tolerant crop, as an alternative to grow in areas affected by salinity where other crops
are failing.

4. The facultative halophyte crop quinoa

Quinoa (Chenopodium quinoa Willd., 2n= 4x= 36) is an allotetraploid,
domesticated in the Andean region over 5000 years ago. Historical data indicate that
it was probably domesticated by ancient civilizations in different areas including
Peru, Chile and Bolivia (Bazile et al. 2013). Phylogenetic studies have tried to
reconstruct the evolutionary history of quinoa and suggest that it originated from the
hybridization of diploid progenitors (C. pallidicaule and C. suecicum), possibly
involving intermediate tetraploid wild ancestors (C. berlandieri and C. hircicum)
(Bazile 2015; Jarvis et al. 2017).

The genus Chenopodium includes about 150 species distributed around the
world, but mostly concentrated in temperate and subtropical regions, especially in
arid and/or saline environments (Bazile et al. 2013). It is a member of the family
Amaranthaceae, and other economically relevant crops from this family are spinach
(Spinacia oleracea) and sugar beet (Beta vulgaris). Amaranthaceae is closely
related to the Chenopodiaceae family; in fact, strong similarities between them make
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their distinction difficult. Amaranthaceae include annuals, herbaceous perennials,
shrubs and woody lianas distributed throughout tropical and subtropical latitudes,
while the Chenopodiaceae family is mostly characterized by annuals and subshrubs
predominantly found in arid and semiarid habitats (Kadereit et al. 2003).
Remarkably, the Chenopodiaceae family has the largest number of halophytes of all
angiosperms (Cheeseman 2015).

Quinoa displays broad genetic diversity that allows it to adapt to different
ecological environments. Worldwide, more than 16000 accessions of quinoa and its
wild relatives are conserved in 59 genebanks distributed over 30 countries. Most of
the germplasm is conserved by Andean research institutes (Rojas 2015).The
diversity of quinoa can be classified in five ecotypes that reflect the distribution of the
species from its center of origin around Lake Titicaca. These ecotypes are
associated with sub-centers of diversity and are highly adapted to specific
environments (Bazile et al. 2016a). The geographical distribution of quinoa ecotypes
is depicted in Figure 3.
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Figure 3. Geographical distribution of the five ecotypes of quinoa throughout the Andean Region (adapted
from (Bazile et al. 2013)).
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For centuries quinoa cultivation was limited to small rural (mostly
indigenous) communities in the Andes. From the second half of the 20" century it
became an internationally emerging crop; the number of countries growing quinoa
has risen from 8 in the 80s to 95 in 2015, many of them actively performing field trials
before launching field production in the near future (Bazile et al. 2016a). The main
quinoa producers in the world are Bolivia and Peru. These two countries grow up to
80 % of the world total production, while the remaining 15-20 % is produced by
Ecuador, USA, China, Chile, Argentina, France and Canada (Bazile et al. 2016a).
Figure 4 depicts the growth in quinoa global production during the last two decades.
The global expansion of quinoa can be divided in two phases. First, importer
countries showed interest in adapting the crop to their environments and develop
national breeding programs; this is the case for United States of America, Canada,
France, United Kingdom, Denmark and The Netherlands. The second phase
involves a strong interest of using quinoa as an alternative crop in response to
climate change and salinization of agricultural land. This is the case for India,
Vietnam, Pakistan, China, Australia and several countries around the Mediterranean
Sea and in Northern Africa (Bazile 2015).

World cultivation of quinoa
200000
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80000 -

40000
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Figure 4. Global annual production of quinoa from 1994-2018. Data from (FAO 2020).
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Several factors have contributed to the rapid expansion of quinoa. It is a highly
nutritious crop with a balanced composition of protein, minerals, fiber, antioxidants
and vitamins. Moreover, it does not contain gluten and is therefore suitable for celiac
patients. The main nutritive qualities of quinoa are listed below (Angeli et al. 2020;
Nowak et al. 2016; Koziot 1992):

Higher protein content than other cereals (rice, barley, corn, rye, sorghum);
similar to wheat. The protein content of quinoa seeds ranges from 11-19 %
of the total dry matter content (DMC).

High quality protein: contains the nine essential amino acids in a balanced
pattern. It is particularly rich in lysine (5.4 % total protein) and histidine (2.9
% total protein).

The total dietary fiber content ranges from 7-13 % DMC, up to 30 % of which
is soluble.

Quinoa oil is rich in essential fatty acids (88 % of the total fat content); the
main ones are oleic (19.7-29.5 %), linoleic (49-56.5 %) and linolenic acid
(8.7-11.7 %).

Contains more calcium, iron, magnesium, copper, manganese and chloride
than cereals.

Rich in vitamins, especially riboflavin (B2) and a-tocopherol (E).

Quinoa leaves are rich in phenolic components, beneficial to human health
due to their antioxidative potential. The most abundant are ferulic, sinapinic
and gallic acids, kaempferol, isorhamnetic and rutin.

The most important anti-nutritional factor in quinoa is the presence of
saponins, secondary metabolites present in the seed coat that confer a bitter
taste to the seeds. The content of saponins in the seeds varies from 20-40
mg g~ (sweet genotypes) to as high as 470 mg g (bitter genotypes).

The nutritional composition of quinoa is superior to most of the cereals, for
comparison, some of the nutritional properties of quinoa, rice and wheat are
compared in Table 1.
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Table 1. Comparison of some nutritional parameters from quinoa, wheat and rice. Data from (U.S.
Department of Agriculture 2020).

Nutritional Composition Quinoa (USDA ID 168874) Wheat (USDA ID 169721) Rice (USDA ID 169756)
Protein content (g/100 g DM) 14.12 13.68 7.13
Essential Amino acids (g/ 100 g protein)
Histidine 0.407 0.322 0.168
Isoleucine 0.504 0.533 0.308
Leucine 0.84 0.934 0.589
Lysine 0.766 0.303 0.258
Methionine 0.309 0.221 0.168
Phenylalanine 0.593 0.681 0.381
0.421 0.366 0.255
0.167 0.176 0.083
0.594 0.594 0.435
Total dietary fiber (g/100 g DM) 7 12.7 1.3
Mineral content (mg 100 g' DM)
Calcium 47 34 28
Iron 4.57 3.5 0.8
Magnesium 197 144 25
Phosphorus 457 508 115
Potassium 563 431 115
Zinc 3.1 4.2 1.09
Vitamin content (mg 100 g™ DM)
Thiamine 0.36 0.419 0.07
Riboflavin 0.318 0.121 0.049
a-tocopherol 2.44 1.01 0.11
Niacin 1.52 6.738 1.6
Essential oils (g/100 g™ DM)
Oleic acid 1.42 0.335 0.203
Linoleic acid 2.977 0.93 0.146
Linolenic acid 0.26 0.048 0.031

In addition to its high nutritional value, another important driver for the rapid
worldwide expansion of quinoa is its resilience to grow in suboptimal environments.
It has survived the rough environments from the Andes for many thousands of years
and is able to tolerate different relative humidity conditions (40-88 %), large range of
altitudes (from sea level up to 4000 m.a.s.l.), a wide range of temperatures (-8 to
38°C), hail, frost, drought and soil salinity (Gomez-Pando et al. 2019).

Quinoa is considered a facultative halophyte, meaning that it grows and
thrives under non-saline or low-saline conditions, it grows well with no or limited yield
loss up to a threshold of salinity (100-200 mM NaCl) and is able to survive in soils
with salt levels as high as those of seawater (> 400 mM NaCl); quinoa is considered
one of the most salt tolerant crops (Hinojosa et al. 2018). In the Andean Region, it
can grow and is cultivated in areas characterized by severe salinity, such as the salt
flats in Bolivia (Ruiz et al. 2016b). Successful field trials in areas affected by salinity
in Vietnam, Iran, United Arab Emirates, etc. (Choukr-Allah et al. 2016; Nguyen et al.
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2020; Razzaghi et al. 2020) further demonstrate the potential of this crop for
cultivation on marginal lands.

The germination of quinoa is mostly delayed under salinity levels of up to
400 mM NacCl, while germination rate is not affected for most of the assessed
genotypes (Adolf et al. 2013). Differences have been reported for the impact of
salinity on quinoa seed yield; for some genotypes even higher yields were reported
under 100-200 mM NaCl salinity than under non-saline conditions; in others, yield
penalties were reported at salinity level above 80 mM NaCl, 50 % yield reduction at
250 mM NaCl, and survival of plants at up to 500 mM NaCl (Adolf et al. 2013; Hirich
et al. 2014; Razzaghi et al. 2015). Efforts are being made to identify predictors of
seed vyield during the growth of the crop—neither stomatal conductance,
inflorescence size or plant height could be successfully used with this purpose (Adolf
et al. 2013). Several studies have tried to assess the potential mechanisms
contributing to quinoa salt tolerance; key traits reported are efficient control of xylem
Na* loading and sequestration into vacuoles, high ROS tolerance, good K* retention,
and an efficient control of stomatal opening (Adolf et al. 2013; Hariadi et al. 2011;
Orsini et al. 2011; Razzaghi et al. 2015). It has been recognized that high genetic
variation for salt tolerance can be found in quinoa, and only a small part of the whole
diversity of this species has been tested (Ruiz et al. 2016b). In addition, most of the
studies evaluate the response to salinity after only a few weeks of stress, while under
prolonged salinity the stress in the plant is likely to build up. The contribution of most
of the salt tolerance traits to the yield of quinoa under saline conditions is largely
unknown, and the genetic determinants of these traits remain to be established.

5. Understanding quinoa’s ability to cope with salinity: outline of this
thesis

This thesis uses physiological, biochemical and genetic approaches to
provide novel insights into the remarkable salt tolerance of quinoa. We explore the
facultative halophytic nature of this species; by comparing several responses of the
plants growing without salt, and salt concentrations considered “moderate” and
“high” for quinoa we try to differentiate the physiological adaptations that favour its
growth under salinity from the ones that enable its survival under extreme conditions.
We approach salinity as a dynamic process during the development of the crop, so
stress responses were monitored throughout the growing cycle of the plants starting
with young plantlets, taking into account whole-plant as well as tissue-specific
changes. We compare salinity-induced adaptations between genotypes that point to
different strategies being used depending on the stress severity and duration, with
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different consequences for growth and yield. We consider genetic diversity as the
most valuable asset for salt tolerance breeding, so we studied salinity responses of
several commercial varieties, mapping populations as well as exotic germplasm.
Figure 5 gives an overview of the organisation of this thesis.

In Chapter 2, we evaluate responses of quinoa varieties to long-term high
salinity with respect to growth (RGR components, photosynthetic efficiency, ion
dynamics) and ion homeostasis. By analysing ion concentrations in root, stem and
leaf tissue over time we demonstrate that the uptake, transport and distribution of
ions during prolonged salt stress is dynamic in quinoa: it changes with time and
developmental stage and differs between varieties.

High salinity changes the anatomy of the plants. Changes in turgor and cell
growth are strongly related to changes in cell walls; so, in Chapter 3 we compare
the cell wall composition of leaves and stems from plants growing under control and
stress conditions and reflect on how these changes influence the plasticity of the
cells to adapt to salinity.

In Chapter 4 we incorporate the Plantarray phenotyping platform® to
monitor the effects of salinity on growth in quinoa with high temporal resolution. We
obtained detailed information on adaptations in transpiration, water use efficiency
and plant water relations that are part of the strategies used by quinoa genotypes to
cope with salinity. We reflect on the advantage provided by this type of automated
functional phenotyping to understand how plants use resources (light, water,
nutrients) and how this can be used to construct a simple growth model for quinoa
under salinity.

In the first three experimental chapters, salt tolerance mechanisms were
evaluated in spaced plants in greenhouse conditions. In Chapter 5, we explore
agronomical, physiological and biochemical responses of commercial varieties to a
salt stress of 250 mM NaCl under more agronomical conditions that resemble field
cultivation. In addition, we evaluate two mapping populations to explore the genetics
underlying salt tolerance responses; genetic mapping was used to identify genetic
regions, that can be further explored for potential candidate genes and alleles and
implemented in breeding programs for salt tolerance and agronomical traits of
interest in quinoa.

Genetic diversity is the basis for crop improvement. Quinoa has broad
genetic diversity that needs to be further explored and exploited. In Chapter 6 we
evaluate the genetic diversity for salt tolerance of 22 genotypes of the Inter-Andean
valley ecotype from Ecuador. These genotypes are good representatives of the

Page|22



General introduction

quinoa that is currently cultivated in Ecuador. We explore the potential of this material
as new sources for salt tolerance traits and other agronomical aspects of interest.

The results presented in the different chapters are discussed in Chapter 7.
| try to integrate all the mechanisms explored throughout the thesis into an ideotype
of a salt tolerant quinoa. | reflect on the usefulness of quinoa as a model for salt
tolerance research and explore which mechanisms might be possibly incorporated
in other crops. Finally, | discuss the future perspectives of quinoa, and the steps that
have been taken and need to be taken in the future to consolidate this crop as an
international food staple commodity.
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Chapter 2

Abstract

Quinoa is a nutritious seed crop with a great potential to grow in
saline soils. Here, we studied ion concentrations in quinoa tissues
throughout the life cycle of the plant, and linked ion dynamics to
responses in growth parameters, seed yield and efficiency of
photosynthesis under salinity (0-400 mM NaCl). lon dynamics
changed from high ion exclusion (>99 %, root contents lower than
root medium and low accumulation of ions in the leaves) before
flowering, to a build-up of ions during seed filling. This indicates a
change in strategy in maintaining the necessary gradient of water
potential from the root medium to the leaves. K* concentrations in
leaves also increased by more than 100 % in response to
prolonged severe salt stress, which may point to a role of this ion
in leaf osmotic adjustment. Accumulation of ions in epidermal
bladder cells did not contribute substantially to Na*-exclusion as
it was less than 6 % of the total Na* taken up in leaves. Growth
under salt stress was mostly impaired by anatomical adaptations
(reduced SLA), while initial light use efficiency (Fv/Fm) and NAR
were not affected. The variety Pasto showed a “survival strategy”
to high salinity with higher ion exclusion and a higher reduction in
transpiration than the other varieties, at the expense of lower
biomass and seed yield.
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1. Introduction

Soil salinity is a major abiotic stress that seriously threatens plant growth and
food security (Roy et al. 2011). In the coming decades, salt-affected agricultural
areas will expand as a consequence of both climate change and poor land
management (Daliakopoulos et al. 2016). Remediation of salt-affected land is
necessary but will take years before standard food crops can be grown again, so the
development of resilient crops that can survive and be productive on these
conditions should complement remediation of saline soils.

Halophytes are plant species that are naturally well adapted to high salinity, and
can survive, grow and reproduce under extreme saline conditions (Flowers and
Colmer 2008). However, most halophytes are of little interest for agriculture as their
yields are too low or their biomass unsuitable as food or feed (Shabala 2013). One
of a few exceptions is quinoa (Chenopodium quinoa). Quinoa is considered one of
the most salt tolerant crop species, even more tolerant than barley or wheat (Murphy
and Matanguihan 2015). Originating from the Andean Altiplano, quinoa is adapted
to a broad range of ecosystems and abiotic stresses including saline soils, drought
and frost (Zurita-Silva et al. 2014). Quinoa grows optimally under low or no salinity,
but it can still produce seeds at soil salt levels that equal or even surpass those of
seawater, and is therefore classified as a facultative halophyte (Mishra and Tanna
2017). The ability to produce relatively high yields on saline soils where other crops
are highly affected or failing justifies the designation of quinoa as an essential crop
to ensure food security (Zurita-Silva et al. 2014).

The highest reported soil electrical conductivity (EC) level at which quinoa was
able to survive was 51.5 dS/m, while 50 % reduction in yield was found at an EC of
25 dS/m (Razzaghi et al. 2015). Some studies claim that optimal growth and
performance of quinoa can be achieved between 10 and 20 dS/m (Adolf et al. 2013;
Hariadi et al. 2011; Jacobsen et al. 2003), while others state that quinoa plants start
to be affected at salinity levels of 8-10 dS/m (Geissler et al. 2015; Hirich et al. 2014).
These differences point to the existence of a rich pool of genetic resources that can
be used for breeding quinoa varieties with improved yield under high salinity. In
addition, the remarkable resilience of quinoa may also provide new insights into salt
tolerance mechanisms that can be extended as breeding targets for other species.

Salt tolerance is a complex trait that requires a coordinated response of the plant
to withstand the osmotic and ionic stress that salinity imposes on the plant. Plant
species have a variety of responses to overcome both. Salinity decreases the
osmotic potential of the soil, which leads to decreased turgor pressure in root cells
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and consequently water loss (Julkowska and Testerink 2015). To avoid water loss,
a first response of the plant is to close stomata and reduce transpiration at the cost
of lower cell extension rate and growth. The maintenance of turgor is also facilitated
by decreasing the osmotic potential in the roots, which is achieved by increasing the
concentration of osmolytes in tissues. Osmotic adjustment is an essential plant
response to salt stress, and can be achieved by the synthesis of organic compounds,
or the accumulation of Na* and CI” in a cost-effective manner (Munns et al. 2016).
In addition to the challenge of transporting water under salt stress, the plant has to
deal with the salt ions (Na* and CI7) that are taken up and that are toxic at high
concentrations. Several strategies have been described with the main goal of
keeping ion concentrations low in the cytosol, particularly in the mesophyll cells in
the leaves. lons can be excluded, or secreted, from root tissues back to the root
medium, or retrieved from xylem parenchyma cells by specific and well-studied ion
transporters, (like SOS1 and HKT type 1) (Mgller and Tester 2007). A recent review
examines the implications of keeping ion concentrations in shoots of plants low
(Munns et al. 2020b). Maintaining low levels of ions in the shoot over a longer period
of time requires a high level of Na* exclusion in plants (and CI~ exclusion to a lesser
extent). The longer a plant is exposed to high salinity, the more challenging it will be
to maintain low shoot ion levels. However, only a few studies have examined
dynamics of ion accumulation throughout plant development (Ashraf and Khanum
1997; Sairam et al. 2002), and whether the high level of exclusion is sustained
through the life cycle of plants remains unanswered.

This paper examines the dynamics of ion homeostasis from young plants until
seed maturation in different tissues of quinoa plants. Several reports have studied
physiological traits that might explain the high salt tolerance in quinoa and showed
broad genetic diversity in the extent of exclusion of ions (mainly Na*) from shoots
(Hinojosa et al. 2018), but most of these studies focused on rather young plants and
relatively short duration of salt stress (Adolf et al. 2012; Hariadi et al. 2011; Shabala
et al. 2013; Ruiz-Carrasco et al. 2011). We evaluated a set of commercial varieties
at several degrees of salinity severity throughout the crop cycle to identify potential
strategies of quinoa to adapt to prolonged exposure to salt stress. The variety of
responses of quinoa cultivars described here demonstrate that quinoa qualifies as a
model crop for studying halophytic salinity tolerance mechanisms.
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2. Materials and Methods

2.1. Plant Materials

Four European non-bitter (sweet) quinoa varieties were used in the different
experiments described below: Atlas, Jessie, Pasto, a line (selRiobamba) selected
from Riobamba (Riobamba has still some residual heterozygosity) and one dark-
seeded, bitter variety (Red Carina). The varieties were bred at Plant Breeding,
Wageningen Research (The Netherlands) and AbbottAgra (France) and are adapted
to the Western European climate and photoperiod.

2.2. Experimental conditions and treatments

Three experiments were carried out in three consecutive years (2015-2017). All
the experiments were performed using spaced plants in 3 L pots. The plants were
irrigated with half-concentrated Hoagland’s nutrients solution. Salt treatments
started five weeks after sowing, when plants had four fully developed pairs of leaves.
Salt was applied by incremental increases of 75 mM per day until the desired salt
concentration was reached. Salt concentrations were monitored regularly by
measuring the electrical conductivity in the leakage from the pots with a conductivity
meter (Profline Cond 315i, Xylem Analytics, Germany). All the experiments were
conducted at the Unifarm greenhouse facilities of Wageningen University &
Research, The Netherlands between Aprii and September under natural
photoperiodic (long day) conditions. The greenhouse air humidity was set to a
minimum of 80 %. When the incoming shortwave radiation was below 200 Wm™,
additional lighting was supplied (100 Wm™2). Light irradiance, air temperature, water
content and electrical conductivity (EC) in the pots were monitored via wireless
sensors (Flower Power™).

The first experiment (2015) aimed to evaluate the general performance of
European sweet quinoa growing at different levels of soil salinity. The varieties Atlas,
Jessie, Pasto and selRiobamba were grown at four different levels of salinity: 0, 100,
200 and 300 mM NaCl. The experiment was done in a screenhouse using vermiculite
as substrate, and the pots were drained with saline solution frequently to maintain a
stable level of salinity in the pots. Ten plants per variety were used for each
treatment. Half of the replicates were harvested ten weeks after sowing, during the
vegetative phase growth of the plants. The other half was harvested at seed maturity
(20 weeks after sowing).

The second experiment (2016) included the same varieties used in Experiment
1, plus the dark bitter variety Red Carina, grown at high salinity levels: 300 and 400
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mM NaCl. Eight plants per variety were used for each treatment. Half of the
replicates were harvested at the onset of flowering (11 weeks after sowing). The
other half was harvested at seed maturity (20-24 weeks after sowing). The
experiment was done in the greenhouse using fine vermiculite (size 1) as substrate.

The third experiment (2017) was a time series experiment using the most
contrasting varieties in terms of agronomical and salt tolerance related traits from
Experiments 1 and 2 (Jessie, Pasto and selRiobamba) and a severe salt stress of
400 mM NaCl. Three replicates per variety were harvested at four different time
points during the growing season: 9, 12, 16 and 20 weeks after sowing. As we
encountered draining problems with fine vermiculite as substrate resulting in salt
accumulation in the pots in the second experiment, we switched to course
vermiculite (size 3) in this experiment.

2.3. Assessment of growth traits

Plant height was measured weekly. Plant developmental stages were scored
weekly according to a cardinal scale adapted from Masterbroek et al. (2002) (Table
1). During each destructive harvest, the biomass of the plants was separated into
above-ground biomass (stems, leaves, heads) and roots. Leaves were removed
from the plant and separated into young leaves (one-third upper part of the plant)
and old leaves (two-third lower part of the plant). Fresh weights of leaves, stems,
heads and roots were recorded, and leaf area was measured using a leaf area meter
(Li-3000 Area Meter, Li-Cor, Lincoln, NE, USA). Dry weights were determined after
drying leaves, roots and stems in a forced-air oven at 70°C, (seeds at 35°C), until
samples reached stable weights. During the vegetative growth of the plants (from
the transplanting date: three weeks after sowing, until the first destructive harvest:
nine weeks after sowing) relative growth rate (RGR, d™") and its specific components
were calculated based on the linear relation RGR = LWR x SLA x NAR. NAR is the
net assimilation rate (g m2day™"), LWR is leaf weight ratio (g g”'), and SLA is the
specific leaf area (m? kg ~'). SLA was calculated as the amount of leaf area per unit
of leaf dry weight, LWR as the leaf fraction of the total dry plant biomass, and RGR
as the natural logarithm of the relative increase in plant biomass over the mentioned
period of time: RGR = In(W2/W1)/(t-t1) (Lambers and Poorter 1992). After
physiological ripening, seed yield was measured as dry seed weight per plant,
thousand seed weight (TSW) was recorded using a seed counter (Contador, Pfeuffer
GmbH, Jefferson, OR, USA) and harvest index (HI) was calculated as the ratio of
dry seed weight and dry aboveground biomass. The salt tolerance index (STI) was
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calculated as the ratio of dry biomass (above-ground biomass or seed yield) of salt-
treated plants and the dry biomass of control (0 mM NacCl) plants.

Table 1. Plant development stages in quinoa. Adapted from (Mastebroek et al. 2002).

Stage Description

F1 Flower buds just visible

F2 Flower buds 1.0 cm

F3 First glomeruli show anthers

F4 50% glomeruli show anthers

F5 Wilted anthers

F6 Seeds watery ripe/ panicle green

F7 Seeds milky ripe/ panicle green

F8 Seeds dough ripe/ beginning panicle coloration
F9 Seeds physiological ripe / panicle fully coloured

2.4. Assessment of physiological traits

Several physiological traits were measured during the growing season. Stomatal
conductance (gs) was measured in the second fully developed non-shadowed leaf
using a portable leaf porometer (Decagon Devices Inc., WA, Australia) throughout
the growth cycle between 10:00- 12:00 hours on a sunny day, unless specified
otherwise. Leaf chlorophyll content was measured using a SPAD 502 meter (Minolta,
Osaka, Japan) on the second fully developed leaf. The maximum photochemical
efficiency of photosystem Il after dark adaptation (Fv/Fm) was measured on the
same leaf, between 10:00- 12:00 using an OS/30P portable fluorometer (Optics-

Science Inc., USA). Relative water content was calculated at the onset of flowering

as Rw¢ = £, 100% , where TW is the turgid weight, FW is the fresh weight

(TW—-DW)

and DW is the dry weight of an entire single young leaf. Turgid weight was
determined after the leaf was imbibed in ultrapure water (Milli-Q®) in the dark for
12 h.

2.5. lon content measurements

The ion contents in leaves, stems, roots and bladder cells were measured using
lon Chromatography (IC) system 850 Professional (Metrohm Switzerland). For this
purpose, oven-dried tissues were ground to fine powder using a hammer mill with 1
mm sieve. Twenty-five mg per sample was turned into ash in a furnace at 550 °C for
5 h. Ten ml of Milli-Q® water was added to the ashes and these were shaken for 15
min at 5000 rpm at 100 °C. Prior to injection onto the IC system, samples of leaves,
stems and roots were diluted 400 times with Milli-Q®. Nitrate was also measured
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using lon Chromatography but the samples were prepared differently. Forty mg of
grinded dry leaves was weighed in a glass screw cap tube. Five ml of Milli-Q® was
added to the sample and this was mixed by vortexing for 5 min. After shaking, the
samples were heated in an ultrasonic bath for 30 min at 80 °C. The samples were
transferred to a thermomixer and incubated for 1 h at 5000 rpm at 100 °C. After
cooling down, samples were centrifuged for 5 min at 4200 rpm and diluted 50 times
previous the injection to the IC column. lon contents were calculated as the amount
of ions per unit of dry weight (mg ion g~! dry mass) and the ion concentrations were
estimated based on the water content of the tissue. The ratio K*/ Na* was calculated
based on mg K*/ mg Na* content.

2.6. Characterization of epidermal bladder cells (EBCs)

A dedicated experiment was conducted in order to obtain enough epidermal
bladder cells to evaluate their potential function as deposits of salt ions during salt
stress in quinoa. Plants of the cultivar Pasto were grown either in control conditions
or with a salt concentration of 250 mM NaCl. After eight weeks of treatment, 200
leaves were collected from control and treated plants. EBCs were brushed from the
abaxial and adaxial sides of half of the leaves. The fresh weight of the 100 intact
leaves, 100 leaves after removing the bladders, and the brushed bladders was
recorded and the leaf area was measured as described before. The ion content in
the leaves and in the EBCs was measured as previously described, but the EBCs
were reduced to ashes and weighed without the grinding step during the sample
preparation. The total biomass of both leaves and EBCs was decomposed as
follows: fresh weight is the total biomass; FW = W ash + W water + W organic matter;
W water = FW — DW; and W organic matter = DW — W ash.

2.7. Statistical analysis

General analyses of variance (ANOVA) were performed to determine the
significance of genotypic differences, salt treatment differences and their interactions
(p <0.05). The analyses were performed following a standard procedure for a linear
mixed model, for which genotype and salt treatment were considered fixed effects
and blocks random effects. The above-mentioned model was: y;, = u + by, + a; +
di + Bj + aByj + e, were y;;, is the response variable, u is the grand mean, «; is
the salt treatment effect, B; is the genotype effect, af;; is the genotype-by-salt
interaction effect, b, and d;, are the block effects and e;;, is the residual error.
Multiple comparison analyses were performed using Fisher's protected least
significant difference (LSD) test on genotype means. All statistical analyses were
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performed using the software Genstat 19" Edition (VSN International Hemel
Hempstead, UK).

3. Results

3.1. Experiment 1: Full plant cycle response of European sweet quinoa to
a wide range of salinity levels

3.1.1. Overall performance

Four sweet quinoa genotypes: Atlas, Jessie, Pasto and selRiobamba were
grown at four salt concentrations: 0, 100, 200, and 300 mM NaCl. Plant biomass was
decreased significantly already at the time of the first destructive harvest (11 weeks
after sowing, 6 weeks of treatment) when plants started to flower (Figure 1A), but
the mean reduction was only 5 % at 100 mM NaCl, while it reached 43 % at 300 mM
NaCl. The averaged salt tolerance index (STI) at the onset of the flowering was 0.96
at 100 mM, 0.79 at 200 mM and 0.62 at 300 mM NaCl (Figure 1B). Interestingly, until
this stage, Jessie and selRiobamba had higher aboveground biomass at 100 mM
NaCl than under control conditions.

The effect of salt on seed yield was examined at the end of the growing cycle
(Figure 1C). There was significant variation between genotypes and treatments, but
not for the interaction between both. SelRiobamba was the variety with the highest
yield, followed by Atlas and Pasto, and Jessie with the lowest yield. The average
salt-induced seed yield reduction for the cultivars was 29 % at 100 mM, 57 % at 200
mM and 65 % at 300 mM NaCl. SelRiobamba and Pasto had the lowest yield
reduction (25 % at 100 mM NaCl salinity). At the most severe salinity treatment
(300mM NaCl) selRiobamba remained the least affected variety (60 % reduction)
but Pasto was more affected than Jessie (68 %). Significant genotypic variation (p
<0.05) was detected for Harvest Index (HI) (Figure 1D), but surprisingly, HI was not
significantly affected by the salt treatment. On average, the harvest index was
reduced by only 4 % at 100 mM and by 20 % at 300 mM NacCl. In fact, it was the
least affected parameter by salinity, which reflects the halophytic property of quinoa
to still be able to allocate carbon to seeds even when exposed to high salinity levels.
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Figure 1. Agronomic characteristics of quinoa plants grown in Experiment 1 at various salinity levels. A)
Total dry biomass weight 11 weeks after sowing, 6 weeks after salt application at the start of flowering.
B) Salt tolerance index calculated as above biomass DW treatment/ above biomass DW control. C) Seed
yield. D) Harvest index. Means of 5 plants. Error bars indicate SE of individual means. Statistically
significant differences (p<0.05) between varieties (within each salt treatment) are shown with different
letters. Asterisks denote statistically significant differences (* p<0.05, ** p<0.01, *** p<0.001) between the
salt treatments and the control.

3.1.2. lon contents

lon contents in the leaves were measured at the onset of flowering of the
plants (6 weeks of salt treatment). Shoot Na* and CI~ concentrations increased
significantly in plants under all salt treatments, with CI~ increasing much more than
Na* (Figure 2A-B). Jessie had the highest accumulation of Na* and CI™ at all salt
levels. Remarkably, the highest levels of shoot Na* and CI~ were not detected under
the most severe 300 mM NaCl salt treatment. At 200 mM NacCl, shoot Na* reached
the maximum concentration of 213 mM and CI~ of 553 mM. Pasto displayed the
lowest Na* and CI~ concentrations in all the treatments. K* concentrations in the
leaves were increased in all the salt treatments. Jessie had the highest shoot [K*]
under salinity, followed by Pasto (Figure 2C). The latter had also the lowest levels of
Na*® and CI7; as a result, it had the highest K*/ Na* ratio in all the treatments, with the
lowest value (6) at the most severe salt stress (Figure 2D).
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Figure 2. lon contents in young leaves of plants grown in Experiment 1, 11 weeks after sowing, 6 weeks
after salt application. A) [Na*]. B) [CI7]. C) [K*]. D) K*/Na*. Means of 5 plants. Error bars indicate SE of
individual means. Statistically significant differences (p<0.05) between varieties (within each salt
treatment) are shown with different letters. Asterisks denote statistically significant differences (* p<0.05,
** p<0.01, *** p<0.001) between the salt treatments and the control.

3.2. Experiment 2: Full plant cycle response of quinoa cultivars to extreme

salinity

We further evaluated the impact of extreme salinity on quinoa in Experiment 2.
Plants were treated with irrigation solutions containing 300 or 400 mM NaCl. The soil
substrate (vermiculite nr 1) used in this experiment had a very high water-holding
capacity and minimal drainage, and in order to prevent anoxia of the roots, the
frequency of irrigations for the treated plants had to be lowered to once every ten
days, leading to gradual accumulation of salt in the pots. At the end of the season,
the EC of the 300 mM NaCl-treated pots reached ~55 dS/m, and the 400 mM
treatment reached 65 dS/m. The salinity level applied in this experiment was
therefore substantially higher than in the first experiment, and exceeded the
maximum salinity level at which quinoa was reported to still produce grain (Razzaghi
et al. 2015). To facilitate comparison between experiments and treatment levels, the
300 mM NacCl irrigation treatment will be further referred to as 55 dS/m treatment
and the 400 mM NaCl as 65 dS/m treatment.
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At the first destructive harvest 6 weeks after salt application (onset of flowering),
Atlas had the highest biomass under control conditions (63 g/plant), followed by Red
Carina, selRiobamba, Jessie and Pasto (Figure 3A). At this time, the salt treatments
already had a considerable effect on the total dry biomass of all the varieties, but the
difference in biomass between the two salt treatments was small. The total biomass
mean was 17 g per plant for the 55 dS/m treatment and 15 g per plant for the 65
dS/m treated plants and this resulted in a mean biomass-based salt tolerance index
of 0.34 at 55 dS/m NaCl irrigation and 0.27 at 65 dS/m (Figure 3B). As depicted in
Figure 3C, seed yield of the cultivars was reduced by 95 % at 55 dS/m and by 97 %
at 65 dS/m NaCl. Despite the strong reduction in biomass, all the plants survived
and produced seed.
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Figure 3. Agronomic characteristics of quinoa plants grown in Experiment 2 at high concentrations of salt.
A) Total dry biomass weight 11 weeks after sowing, 6 weeks after salt application. B) Salt tolerance index
calculated as above biomass DW treatment/ above biomass DW control. C) Seed yield. Means of 4 plants.
Error bars indicate SE of individual means. Statistically significant differences (p<0.05) between varieties
(within each salt treatment) are shown with different letters. Asterisks denote statistically significant
differences (* p<0.05, ** p<0.01, *** p<0.001) between the salt treatments and the control.
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lon concentrations in young leaves were quite different between the two salt
treatments (Figure 4). Curiously, Na* and CI~ concentrations were higher under 55
dS/m compared to the 65 dS/m treatment. Mean [Na*] was 48 % higher at 55 dS/m
than at 65 dS/m and [CI] was 28 % higher. Interestingly, [K*] was also increased (by
35 %) under the severest salinity stress (EC of 65 dS/m) compared to control.
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Figure 4. lon contents in young leaves of plants grown in Experiment 2 at high concentrations of salt (11
weeks after sowing, 6 weeks after salt application). A) [Na*]. B) [K*]. C) K*/Na*. Means of 4 plants. Error
bars indicate SE of individual means. Statistically significant differences (p<0.05) between varieties (within
each salt treatment) are shown with different letters. Asterisks denote statistically significant differences
(* p<0.05, ** p<0.01, *** p<0.001) between the salt treatments and the control.

3.3. Experiment 3: Detailed evaluation of the growth, ion dynamics and
physiology of quinoa exposed to high salinity (400 mM NaCl)

3.3.1. Biomass under high salinity

In Experiment 3, plant height under control and highly saline conditions (400
mM NaCl) was measured weekly during the whole growing season (Figure 5A). The
height of plants started to be affected two weeks after salt application and this
difference became significant one week later. From this time point onwards, the
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control plants increased their height until eight weeks after the start of the salt
treatment, while the height of the salt-treated plants increased at a lower rate and
stopped increasing earlier. At the end of the season, this resulted in a 40 % lower
plant height at 400 mM NaCl compared to 0 mM (average for the three cultivars).
Destructive harvests throughout the whole crop cycle allowed monitoring the effect
of salinity on the biomass of plants at different stages of development. Four weeks
after the start of the salt treatment, the STI (for shoot dry biomass) at 400 mM salt
was only 50 % and the effect of salt increased strongly with time. After ten weeks of
salt treatment Jessie had the highest STI (31 %), followed by selRiobamba (26 %)
and Pasto (20 %). This differential response was stronger for the STI based on seed
yield at the end of the season. Jessie had the highest seed-based STI of 19 %,
followed by selRiobamba with 13 % and Pasto had the lowest of only 2 %: Pasto
survived well (small but green plants), but hardly produced grain (Figure 5B). Yield
parameters including thousand seed weight (TSW) and harvest index (HI) are shown
in Figure 6A-C. Similar to Experiment 2, seed yield was strongly compromised at
400 mM NaCl salinity (average reduction of 88 %). TSW was reduced for all varieties
(average mean reduction 34 %) with Pasto having the lowest values. Remarkably,
the harvest index of selRiobamba and Jessie was not significantly influenced by the
salt treatment. Pasto’s harvest index however was strongly reduced by 83 %.
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Figure 5. Growth responses of quinoa growing at 400 mM NaCl in Experiment 3. A) Plant height
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Figure 6. Yield traits of quinoa growing at 400 mM NaCl in Experiment 3. A) Seed yield. B) Thousand
seed weight. C) Harvest index. Means of 3 plants. Error bars indicate SE of individual means. Statistically
significant differences (p<0.05) between any variety and salt treatment combination are shown with
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3.3.2. Effect of high salinity on ion dynamics

3.3.2.1 Roots. After 4 weeks of salt stress, the concentrations of Na* and CI” in the
roots were increased in all varieties (mean [Na*]: 62 mM and [CI7]: 42 mM, compared
to 4 mM and below the detection level, respectively, under control conditions), but
still much lower than the 400 mM NaCl concentration in the root medium. While no
significant differences were observed between cultivars at the first time point, after
seven weeks of the salt treatment the root [Na*] was higher than that of the root
medium for Jessie and selRiobamba (452 mM and 517 mM, respectively) but not for
Pasto (370 mM). Root [CI"] was lower than that of Na® and remained lower than in
the root medium (mean= 243 mM). Pasto had the lowest root accumulation of Na*
and CI™ in the first seven weeks of treatment, but these were higher and close to
those of the other cultivars at the last measured time point, 10 weeks after the start
of salt application (415 and 253 mM, respectively) (Figure 7A-B).

The [K*] in roots of plants grown at 400mM NaCl was relatively stable
throughout the season. Among the varieties, Pasto always had the highest [K*].
Pasto was also the only variety with higher [K*] under salt stress compared to the
control after four weeks of salt treatment. For all varieties, the K*/ Na* ratio in the
salt-treated roots was already reduced at four weeks after the start of the salt
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treatment and remained lower than 1.0 throughout the season. In comparison, in
roots of control plants this index was always above 4 (Figure 7C-D).

3.3.2.2. Leaves. lon concentrations were measured in young and old leaves
separately. No significant differences were found between both (Figure S1). The ion
contents of the young leaves are presented in the following section, but these are
representative of total leaves ion contents.

Na* and CI~ accumulated in the leaves of salt-stressed plants over time, but
in contrast to the roots, [CI"] was higher than [Na*] in all varieties at all-time points
(Figure 7E-F). For the first two time points, Pasto had the lowest Na® and CI~
concentrations in the leaves. After ten weeks of treatment, the concentration of both
ions reached similar and very high values in all three cultivars; the average [Na*] was
667 mM and the average [CI"] was 755 mM. Remarkably, the salt treatment also
caused an increase in [K*] in leaves in all the time points and varieties (Figure 7G).
Consequently, the K*/Na* decreased but remained relatively high throughout the
growing season (Figure 7H), with an average of 1.5 for the three varieties after 10
weeks of stress. Pasto had the highest shoot [K*] and lowest [Na*] and therefore the
highest K*/Na* in the shoot.
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Figure 8A-C depicts the distribution of a number of inorganic anions and
cations (Na*, K*, Ca?*, Mg?*, CI-, PO43", SO4?", NOs") over roots, stems and young
leaves seven weeks after the start of salt treatment. The concentration of CI” in salt-
treated plants showed an increasing gradient from root to stem to leaves (mean [CI]:
243 mM in roots, 396 mM in stems and 580 mM in leaves). Na* accumulation in
leaves was much lower than CI~ accumulation, and lower than Na* accumulation in
the other two tissues (448 mM in roots, 525 mM in stems and 369 mM in leaves),
suggesting an active exclusion of Na* from leaves. Root [K*] was reduced by the
NaCl treatment, while in the stem [K*] was 25 % higher in treated plants compared
to the controls, and in the leaves it was increased by 133 %. Similar to K*, Mg?* and
phosphate concentrations were reduced in the roots, but not in the leaves. The
concentration of Ca?* was reduced by salinity in all the tissues. Sulphate was the
least affected ion by the salt treatment. The concentration of nitrate was measured
only in young leaves (Figure S2). Salt treatment caused a reduction of the nitrate
content that substantially differed between varieties. Leaf nitrate in Pasto was hardly
affected (7 % reduction), while selRiobamba had the highest reduction of 73 %.
Interestingly, the electrical balance of inorganic ions was positive to a similar degree
for both salt concentrations. This might imply that no additional energy is required
for the synthesis of negative organic compounds under salt stress to restore the
electrical neutrality.

Page|43



Chapter 2

500

400

300

mM

200

100

600
450
=
€ 300

150

1000
800

600

mM

400

200

Figure 8. lon contents in different tissues of quinoa grown in Experiment 3 at 400 mM NaCl 12 weeks
after sowing, 7 weeks after start of the salt treatment. A) Roots. B) Stems. C) Young leaves. Means of
three varieties (Jessie, Pasto, selRiobamba) and 3 replicates per variety. Error bars indicate SE of
individual means. Asterisks denote statistically significant differences (* p<0.05, ** p<0.01, *** p<0.001)

00 mM NaCl m400 mM NacCl
A) lon concentrations roots

Na* K* Mg?*  Ca* Cl- PO, SO.*
B) lon concentrations stems
Na* K* Mg*  Ca* cl- P03~ SO.*
C) lon concentrations young leaves
Na* K* Mg** Ca* ClI- POs*~ SOs* NO;5~

between the salt treatment and the control for each ion content.
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3.3.3. High salinity stress and plant physiology

All the salt-treated plants showed significantly lower leaf stomatal
conductance (gs) compared to control plants. However, the effect of salt on gs was
only detected after two weeks of salt application (25 % reduction of gs). Three weeks
after the beginning of the treatment the effect of salinity on stomatal conductance
became considerably more pronounced, with an average reduction of 60 %.
Stomatal conductance values remained low during the rest of the growing period,
with hardly any fluctuations due to weather conditions or physiological maturation.
The highest gs reduction was found in Pasto, followed by selRiobamba and Jessie
(Figure 9A). Stomatal conductance was also measured five times over a 24-hr
timespan (Figure 9B), at the onset of flowering (seven weeks after salt application).
Under control conditions, daily gs was characteristic of a C3 crop during a summer
day (middle of June) in the Northern Hemisphere. Sunrise occurred around 5:00 AM
and this coincided with an increase in gs after very low levels during the night. During
the day, gs increased reaching its maximum value around 3:00 PM, after which it
declined and totally stopped after sunset (9:00 PM). The gs peak was also observed
around 3:00 PM for stressed plants, but the conductance declined faster and was
below the detection threshold of the porometer many hours before sunset. Hence,
not only was the maximal gs decreased under salinity stress, but the time that
stomata were opened during the day was also shortened. Maximum quantum yield
of PSII (Fv/Fm) of quinoa leaves was not affected by severe salt stress (average
value for control and salt treated plants was 0.79) (Figure S3). Chlorophyll content
was measured throughout the growing season and was significantly influenced by
salinity as well as genotype (Figure 9C). At the beginning of the treatment (one week
after salt application) the chlorophyll content was higher in the salt treated plants. It
remained higher throughout the whole season for Pasto, while for Jessie and
selRiobamba it was reduced by salt after five weeks of salt treatment. Leaf RWC
was significantly reduced (25 %) by salinity (Figure 9D).
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Figure 9. Physiological traits measured in quinoa grown at 400 mM NaCl in Experiment 3. A) Stomatal
conductance through the growing season measured from 9:00 AM until 11:00 AM. B) Circadian variation
of stomatal conductance. C) Chlorophyll content (SPAD measurements) through the growing season. D)
Relative water content. Measurements depicted on B and D were taken 7 weeks after the start of salt
treatment. Means of 3 plants. Error bars indicate SE of individual means. Statistically significant
differences (p<0.05) between any variety and salt treatment combination are shown with different letters.

3.3.4. High salinity stress and growth

The mean RGR for all the cultivars was 0.111 d™* at 0 mM NaCl and 0.0985
d™' at 400 mM NaCl (Figure 10A). The difference in the leaf weight ratio (LWR)
between treatments or cultivars was not significant (Fig. 10B). The most significant
effect of the salt treatment on RGR components was a decrease in the specific leaf
area (SLA), from 307 to 206 m?kg™"' for 0 and 400 mM NaCl treatment, respectively
(Figure 10C). The physiological component of RGR, net assimilation rate (NAR), was
surprisingly increased under saline conditions, from an average 13 g m2d™" in
control plants to 16 g m™2d™" in salt treated plants (Figure 10D).
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Figure 10. Effect of severe salt stress (400 mM NaCl) on Relative Growth Rate components of plants
grown in Experiment 3 from the transplanting date (3 weeks after sowing) until 4 weeks after beginning
of salt treatment (9 weeks after sowing). A) Relative growth rate (RGR). B) Leaf weight ratio (LWR). C)
Specific leaf area (SLA). D) Net assimilation rate (NAR). Means of 3 plants. Error bars indicate SE of
individual means. Statistically significant differences (p<0.05) between any variety and salt treatment
combination are shown with different letters.

3.4. Contribution of epidermal bladder cells to salt tolerance

Salt stress reduced the water content of epidermal bladder cells (Figure 11A).
We measured the content of Na*, CI~ and K* in 1) young leaves including EBCs, 2)
young leaves after the removal of EBCs, and 3) brushed EBCs (Figure 11B). The
results were expressed as the amount of ions (mmol) per area of leaves (m?), or in
the EBCs removed from the same leaf area. This allowed the assessment of the
relative contribution of EBCs to ion storage compared to the total amount of ions
accumulated in the leaves. The concentration of Na*, Cl~and K* in the bladders was
higher in the salt-treated plants compared to the controls (Figure 11B). However, the
percentage of ions accumulated in the EBCs relative to the total leaf ion content was
only 5.4 % for Na*, 6.5 % for CI~ and 15 % for K*. The relatively high accumulation
of K* in the bladders coincides with the high levels of this ion distributed in all the
leaf tissue. Based on the results in our study, storage of salt in EBCs is not likely to
contribute significantly to reduce levels of Na* and CI” in the leaves.
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Figure 11. Epidermal bladder cells (EBCs) composition in quinoa plants (variety Pasto) grown at 250 mM
NaCl. A) Leaf and bladders biomass composition under control and stress conditions. B) Na*, K* and CI”
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different letters.
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4. Discussion

To fully understand why quinoa can survive and reproduce in highly saline
conditions while being an economically productive food crop under normal, non-
saline conditions, it is essential to gain insight in the physiological changes and
adaptations during the crop cycle under prolonged exposure to high salt levels in the
soil. Our study demonstrates that quinoa varieties utilize salt exclusion strategies to
produce relatively high yields under mild salinity or short-term stress, while tissue
tolerance mechanisms enable the plants to survive and even reproduce under
severe and prolonged salinity.

4.1.lon and water dynamics throughout the growing season

Given the importance of water availability for all aspects of plant physiology,
plants suffer from salinity first and foremost because of the problems with water
uptake. Water uptake from the root medium is a complex process mediated by long-
distance shoot-to-root signals. Under saline conditions, water uptake and transport
in the plant is also influenced by Na* and CI~ uptake and distribution over the plant
tissues. In a two-step model, Na* passively enters root cells via non-selective cation
channels driven by a negative membrane potential and a low [Na*] in the cytosol
(Britto and Kronzucker 2015). According to this model, sodium ions rapidly exit the
cells through the SOS1 transporter, the only cytoplasmic Na* efflux transporter
identified until now. By monitoring the ion contents in different tissues throughout the
growth of the plants we were able to identify specific, time- and stress level-
dependent strategies used by quinoa to cope with salt stress. The complex ions
dynamics described for quinoa is likely to be associated to the activity of key,
possibly novel, ion transporters. The expression of only a few transporters (SOS1,
NHX) has been examined in short-term experiments in quinoa and variable
responses between varieties have been reported (Maughan et al. 2009; Ruiz-
Carrasco et al. 2011; Schmdckel et al. 2017). An in silico exploration of ion
transporters annotated in the genome of quinoa (Jarvis et al. 2017) revealed a high
diversity and abundance of K*, Na* and CI” transporters in quinoa compared to other
species reported in literature (Lebaudy et al. 2007; Véry et al. 2014). A
comprehensive study of the expression of these transporter families in different
tissues at different developmental stages of the crop would help to elucidate the role
of the ion transporters involved in the different salt tolerant strategies reported here,
but such study is beyond the scope of this manuscript.

In an early stage of development (budding) and relatively short exposure to high
salt stress (4 weeks of 400 mM NaCl) the concentration of Na® and CI” in the roots
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was considerably lower than in the soil medium (Figure 12, upper panel), suggesting
that the plants actively excluded the ions from the roots. This may represent a
substantial challenge to the plants: the water needs to be taken up by the roots
against an ion gradient. Stomatal conductance in our study was not significantly
reduced until three weeks after the stress was imposed, indicating that the quinoa
varieties were not saving water but maintained high photosynthesis and growth rates
during the first two weeks of exposure to high salinity. This implies that during this
first stage of salt stress, quinoa plants were still able to take up water from the root
medium, which suggests that osmotic adjustment most likely relied on the production
of organic osmolytes. The contribution of these organic osmolytes for osmotic
adjustment in quinoa was previously reported (Shabala et al. 2012).

Our results indicate that at flowering (7 weeks after beginning of the stress), the
plants have changed strategies (Figure 12, middle panel). At this time, [Na*] in the
roots equalled that of the root medium (400 mM), while the CI~ was still lower
(250mM), and remained like that until the end of the season. The increased [Na*] in
the root tissues helps to restore the osmotic balance with the root environment,
facilitating water uptake. However, at this stage, stomatal conductance was
considerably lower than early in the season. Previous reports showed that quinoa
reduced transpiration under salt stress at similar stages of development and stress
levels (Adolf et al. 2012; Orsini et al. 2011). Decreased transpiration will reduce the
rate of Na*and CI~ accumulation the leaves. Munns et al. (2020) reported that most
plant species are able to exclude about 98 % of the salt in the root medium, but in
spite of this the salt concentrations in the shoot will still be equal to that of the root
medium after 3 to 4 weeks. In most of our varieties, the shoot Na* and CI-
concentrations were lower than the root medium at 4 weeks, suggesting a high level
of root Na* exclusion in quinoa, but at 7 weeks a similar concentration than the root
media was reached. [Na*] in the shoot of the variety Pasto however was still lower.
From this stage onwards, quinoa appears to mostly rely on tissue tolerance to cope
with salinity. High levels of Na* and CI™ in the cytoplasm are detrimental for cells
(Maathuis et al. 2014); therefore, vacuolar compartmentalization of these ions is a
likely strategy in quinoa at prolonged and high levels of salinity. The sequestration
of Na* and CI” in the vacuole not only protects the cytoplasm against toxicity, but
also increases the osmotic potential of the cell in a cost-effective manner, as long as
the cytosolic osmotic potential is adjusted accordingly. Our results supports previous
indications that K* may play an important role in this adjustment (Rubio et al. 2020).
While in the roots K* concentration was decreased in stressed plants compared to
controls from the earliest time point measured until harvest, it was higher in young
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leaves of salt-stressed plants than in control leaves and even higher than the [Na“].
In our experiments, quinoa appeared to be able to maintain leaf cell turgor (no signs
of wilting) even when leaf RWC was reduced, which is indicative of a strategy of
osmotic adjustment (Negrao et al. 2017).

Towards the end of the growing cycle (seed filling, 10 weeks after stress
application) Na* and CI~ concentrations were further increased in the aboveground
tissues, and a clear positive concentration gradient of ions was observed from roots
to stems to leaves (Figure 12, lower panel). The active Na* exclusion early in the
season changed into a strong building up of ions in the latter stages of development.
It is worth to note that at this stage gs was strongly reduced, reaching values even
below the detection level of the porometer. It is conceivable that at prolonged
exposure to high salinity, the plants can no longer maintain low shoot Na* and CI
levels through ion exclusion from the roots, but accumulation in the leaves to extreme
levels that are toxic even for quinoa are avoided by minimizing the transpiration
stream that transports ions to the leaves.
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It is noteworthy that [CI7] in young leaves was higher that [Na*] in the shoots
throughout the season. The high values for [CI7] reported in this study agree with
reports in other halophytes. CI- accumulation has been considered as a
compensatory mechanism to prevent charge imbalances (Flowers and Colmer
2008). Given the high concentration of monovalent cations (Na* and K*), CI~ might
be essential for electrical balance and the maintenance of a negative voltage
(cytoplasm with respect to apoplast) (Teakle and Tyerman 2010). Some of the
consequences of CI~ accumulation can be inhibition of gas exchange and reduction
of nitrogen uptake and nitrate storage due to competitive transport of CI~ and NO3~
(Li et al. 2017). In our study, salt stressed plants showed lowered gas exchange
measured by stomatal conductance. However, free nitrate content in
photosynthetically active leaves was strongly reduced only in selRiobamba (by 73%)
and mildly reduced in Pasto and Jessie (by 7 %), while CI~ concentration in the three
varieties was similar. This suggests that the competition of CI~ and NO3™ transport is
not a general phenomenon in quinoa. Maintaining a high nitrate level in the leaves
was not a determinant factor for the salt tolerance of these varieties. The lowest
nitrate level under salt stress was found in selRiobamba, which showed the lowest
seed yield reduction under severe salt stress.

When plants are transferred to a medium with high Na* (salt treatment), plant
[K*] typically decreases as [Na*] rises (Flowers and Colmer 2008). A major growth
constraint of salt stress is a Na'- induced K* deficiency that can disrupt cell
metabolism. Our quinoa plants were able to maintain and even increase the levels
of K* in the shoot also at the high [Na*] after prolonged salt stress (10 weeks after
start of the stress). Maintained or even elevated K* concentrations under high salinity
is consistent with previous reports (Hariadi et al. 2011; Schmockel et al. 2017;
Shabala et al. 2013) and has been interpreted as evidence for the important role of
K* in leaf osmotic adjustment under saline conditions (Shabala and Cuin 2008). It
may also protect the cells from metabolic failure due to a low K*/Na* ratio.
Mechanisms and transporters involved in the translocation of K* from root to shoot
and its posterior distribution and cellular partitioning have been described in a
number of studies (Ahmad and Maathuis 2014; Benito et al. 2014; Szczerba et al.
2009). Under these stressful conditions, the ability of quinoa to retain a high
concentration of K* in the cytosol is remarkable and may be essential for its salt
tolerance, though it may come at a high metabolic cost.

Some authors have proposed that under salt stress epidermal bladder cells
(EBCs) act as external storage organs for potentially toxic ions, and that therefore
EBCs would play a pivotal role in the ion homeostasis of quinoa (Orsini et al. 2011;
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Zou et al. 2017). The low amount of ions accumulated in EBCs relative to the total
amount in the leaves in our study do not suggest a strong contribution of EBCs to
reducing the high levels of Na* and CI™ in the leaves. EBCs constitute less than 1.3
% of the total fresh weight of young fully developed leaves. We think that the total
EBCs volume is simply too low to hold enough salt to be considered salt storage
organs under saline conditions. Further research is needed to understand the
function of these specialized cells in quinoa.

4.2.Long term salt stress effects on growth: components of RGR and PSII

After the first three weeks of stress (400 mM NacCl) until the end of the crops
cycle, stomatal conductance was reduced by more than 60 %. A similar reduction of
the maximum COq-assimilation rate can be expected, which might lead to the
photoinhibition of PSIl and additional non-stomatal limitations to photosynthetic
efficiency (Murata et al. 2007). In plants, salinity typically causes a rapid decline of
PSII activity due to the inhibition of the repair of PSIl caused by excessive ROS
production (Murata et al. 2007). However, despite the severe stress applied in this
study, the initial PSII light use efficiency of our quinoa plants (Fv/Fm ratio) was not
decreased (Figure S3) which corroborates previous reports in quinoa (Shabala et al.
2013).

While PSII efficiency was not affected by salt, the relative growth was. The
impact of salt stress on quinoa growth during the full crop cycle can be assessed
using Relative Growth Rate analysis (RGR) because it factorises growth into
physiological, morphological, anatomical and biochemical traits (Lambers and
Poorter 1992). The most important effect of salinity on quinoa RGR components was
not on the relative investment in leaf growth (LWR), but on the morphology of the
leaves (SLA); decreased SLA likely implies thicker leaves. The modified leaves have
a decreased total area for transpiration and radiation interception, but increases
photosynthetic capacity per surface area (as seen by an increased NAR). Therefore,
both the initial light use efficiency (PSIl) and the long term photosynthetic rate (NAR)
were not affected by salt. A higher NAR associated with a lower SLA has been
reported in several species (Montes Osorio et al. 2014). Gas exchange
measurements reported after 4 weeks of the start of a salt treatment of 250 mM NaCl
showed a lower maximum net COz-assimilation rate (Becker et al. 2017). In our long
term assessment, we observed a higher NAR, which suggest a recovery of CO2-
assimilation after prolonged salt stress, even at lower stomatal conductance. This
anatomical adaptation of quinoa leaves under severe stress (lower SLA with higher
NAR) might explain that the RGR was reduced only by 10 %, a minor decrease
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compared to the impact of adverse conditions on the RGR of other species
discussed in literature (Norris 1982).

In conclusion, salt stress impacts the growth of quinoa directly, through a
lowered metabolism (stomatal closure, less carbon assimilation, decrease in cell
expansion) and indirectly, through several salt tolerance mechanisms examined in
this study that come at a considerable metabolic cost (Tyerman et al. 2019).

4.3. Lessons from different stress levels: trade-off between survival and
growth

The European varieties in our study displayed remarkable variation in growth
and salinity responses. The salt treatments in the range of 100-200 mM NaCl might
be considered mild stress for quinoa; even though seed yield was reduced, quinoa
was still able to perform relatively well under these conditions compared to other
grain crops. Under mild stress, varieties did not differ in their responses to salt. Under
highly saline conditions (> 400mM NaCl), seed yield was severely reduced in all the
varieties, but Pasto was the most affected. This variety displayed a behaviour that
deviated from the other varieties for several physiological traits. Pasto showed the
highest reduction in SLA and transpiration, the lowest concentration Na* and CI™ in
young leaves, the highest concentration of K* in young leaves, and the lowest
reduction in nitrate concentration in young leaves throughout the growing season. In
addition, flowering, seed filling and seed setting times were delayed for Pasto (not
shown). Its growth was more reduced than the other varieties, but the plants still
appeared to be healthy, which is supported by the highest RWC, the highest NAR
increase and an increase in chlorophyll content throughout the season. We
speculate that Pasto employed a “survival” strategy with a more reduced growth rate,
transpiration rate and higher rate of exclusion of Na*. These adaptations allowed
Pasto and Pasto-like varieties to survive longer, but at the trade-off of the very high
reduction in growth rate and seed production.
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Figure S1. Comparison of ion contents between young and old leaves of quinoa grown in Experiment 3
at 400 mM NaCl 12 weeks after sowing, 7 weeks after start of the salt treatment. Means of three varieties
(Jessie, Pasto, selRiobamba) and 3 replicates per variety. Error bars indicate SE of individual means.
Statistically significant differences (p<0.05) between young and old leaves for each ion are shown with
different letters.
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Figure S2. Nitrate concentration in young leaves of quinoa growing in Experiment 3 at 400 mM NaCl 12
weeks after sowing, 7 weeks after start of the salt treatment. Means of 3 plants. Error bars indicate SE of
individual means. Statistically significant differences (p<0.05) between any variety and salt treatment
combination are shown with different letters.
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Figure S3. Maximum quantum yield of PSII (Fv/Fm) after dark adaptation measured in young leaves of
quinoa plants growing in Experiment 3 at 400 mM NaCl 12 weeks after sowing, 7 weeks after start of the
salt treatment. Means of 3 plants. Error bars indicate SE of individual means. Statistically significant
differences (p<0.05) between any variety and salt treatment combination are shown with different letters.
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Abstract

Plant cell walls are complex structures in terms of composition,
structure and function. Here, we studied the effects of high soil
salinity on the biochemical composition of cell walls in stems and
leaves of the salt tolerant species Chenopodium quinoa. Chemical
analysis of cell walls showed that monosaccharides composing
pectin are increased in quinoa cell walls under saline conditions
with the highest increase in arabinose (160 % increase in stems
and 60 % increase in leaves), while the contents of glucose and
lignin were significantly reduced. The inorganic constituents of the
cell wall also varied between control and stress conditions. [Ca?*]
was significantly reduced by 30 % and 65 % under salinity in the
stem and leaf-cell wall, respectively. In contrast, [Na*] was
increased under salinity by 140 % and 70 % in cell walls of stems
and leaves, respectively. We argue that this altered cell wall
composition reflects a functional adaptation of this species to high
salinity. The possible displacement of pectin-bound Ca?* by Na*
disrupts pectin cross-linking causing loosening of the cell wall,
which may be compensated by increased branching of arabinose-
rich polymers. The higher abundance of pectic branching
polymers would increase the flexibility and hydration of the cell
wall improving the adaptation to changes in osmotic potential
imposed by salinity. The changes in the cell wall composition of
salt-stressed quinoa described here furthers our as yet limited
understanding of the role of cell wall remodelling in salt stress
tolerance.
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1. Introduction

Plant growth is the result of cell division, cellular growth and expansion.
Growth at a cellular level is a coordinated balance between turgor pressure -the
physical force needed to drive cell enlargement- and the extensibility of the cell wall
(Cosgrove 2015). Plant cell walls are dynamic structures that surround all plant cells
and are intrinsically involved in their growth, morphology, as well as their interaction
with the environment, including responding to environmental stresses such as
salinity. Soil salinity causes a reduction in the external water potential and,
consequently, a decrease of turgor pressure in the cells. Plant cells adapt to these
changes through osmotic adjustment, reaching a new equilibrium with the external
water potential. Eventually, growth is restored, though at a lesser extent (Hasegawa
et al. 2000). Since growth is modulated by cell wall synthesis and expansion,
changes in the biochemical and biomechanical properties of cell walls are important
plant cell responses to turgor changes upon salt stress. Several studies have
examined the effect of salt stress on the cell wall, mainly in roots (Byrt et al. 2018),
while reports on the effect of salinity on leaf cell walls are scarce (Tenhaken 2015).
Most of the existing ideas on how the cell wall responds to salt stress have been
inferred from transcriptomic and proteomic analysis of expression of the genes and
enzymes that synthesize and modify the cell wall, but salt-induced changes in its
chemical composition and structure still need to be established (Rui and Dinneny
2020).

Cell walls are matrices with variable arrangements of polysaccharides,
glycoproteins, proteins and enzymes, depending on the plant species, cell type,
location, developmental stage and environmental conditions (Wolf et al. 2012).
Primary cell walls of dicots consist of a cellulosic network embedded in a matrix of
mainly xyloglucans and pectins; they lack lignification and are deposited during cell
growth. Cells that have stopped enlarging mature by depositing secondary walls that
increase the strength of the cell and reduce flexibility. Secondary walls are mostly
composed of cellulose, hemicelluloses and lignin (Doblin et al. 2010). In most plant
species, the most abundant component of the cell wall is cellulose; microfibrils of
glucose that form the extracellular network and provide mechanical strength to the
cell wall (Cosgrove 2005). Hemicelluloses are a group of polysaccharides with a
backbone of glucose, mannose or xylose. The most important role of hemicelluloses
is the strengthening of the cell wall by cross-linking cellulose microfibrils and lignin
in the secondary cell wall (Scheller and Ulvskov 2010). Lignins are complex phenolic
polymers that can provide strength, rigidity and hydrophobicity to plant cell walls
(Kumar et al. 2015). Pectins are a highly heterogeneous group of acidic
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polysaccharides that contribute to the mechanical strength, porosity, extension,
adhesion and stiffness of the cell wall (Burton et al. 2010). Galacturonic acid (GalA)
is the main backbone component of the three dominant pectin types:
homogalacturonan (HG), rhamnogalacturonan-l (RG-1) and rhamnogalacturonan-I|
(RG-I). HG is the main pectin component of the cell wall of land plants, since it
stiffens the primary cell wall through the formation of Ca?* bridges (Peaucelle et al.
2012). RG-l is a highly diverse polymer. Its backbone is formed by the disaccharide
rhamnose-GalA, and 20-80 % of rhamnose residues are substituted with branching
side chains, mostly composed of arabinose (arabinans) and galactose (galactans)
(Caffall and Mohnen 2009). The reason for the high diversity of RG-I is not totally
understood but it suggests diverse functional specialization (Caffall and Mohnen
2009). On the contrary, RG-Il is a highly conserved type of pectin that has the
capacity to dimerize through borate ester links (Willats et al. 2001). Analysing the
compositional changes in the different cell wall constituents is an important step
towards the understanding of the cell wall remodelling in response to abiotic stress.

The goal of the research described in this paper was to examine the effect
of salt stress in the cell wall composition of stems and leaves of Chenopodium
quinoa. Quinoa is a facultative halophyte that grows and thrives under non-saline
conditions, but also survives under severe saline conditions. Several physiological
strategies utilized by quinoa to tolerate prolonged exposure to soil salinity have been
described (Jaramillo Roman et al. 2020). We describe in this chapter the changes in
the chemical composition of quinoa cell walls as a consequence of salt stress, and
provide insight into the remodelling of the cell wall, which might play a role in the
ability of this species to survive severe salt stress.

2. Materials and Methods

2.1.Experimental conditions

Three sweet European commercial quinoa varieties were used in this study:
Jessie, Pasto and selRiobamba (a line selected from Riobamba (Riobamba has still
some residual heterozygosity)). The impact of salt stress on the growth and several
physiological traits of these varieties was previously described (Jaramillo Roman et
al. 2020). The plants were grown in 3 L pots using vermiculite No. 3 as substrate.
The plants were irrigated with half concentrated Hoagland’s nutrient solution. Salt
stress treatment started five weeks after sowing. Salt was applied by incremental
increases of 75 mM NaCl every two days, until a final concentration of 400 mM NaCl
was reached, and the salt concentration in the substrate was continuously monitored
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during the whole experiment. Three replicates per variety and salt treatment were
harvested 16 weeks after sowing (11 weeks after start of the salt treatment) and
samples of young leaves and stems were used for cell wall analysis. This trial was
conducted at the Unifarm greenhouse faciliies of Wageningen University &
Research, The Netherlands. The greenhouse air humidity was set to a minimum of
80 %. When the incoming shortwave radiation was below 200 Wm™, additional
lighting was supplied (100 Wm™). Light irradiance, air temperature, water content
and electrical conductivity (EC) in the pots were monitored via wireless sensors
(Flower Power™).

2.2.Cell wall extraction

Leaves and stems were air-dried at 60 °C until samples reached stable
weights, and afterwards grinded to a 1 mm particle size. Cell walls of stems were
isolated following an alcohol-insoluble residue (AIR) method previously described
(Petit et al. 2019). In brief, 1 g of dried-grinded stem was incubated in 35 mL of 80
% ethanol (v/v) on ice for 30 min. The samples were then centrifuged for 5 min at
10000 g and 4 °C (ultracentrifuge Beckman Coulter J2-21M, rotor F14BA- 14x50cy,
Indianapolis, USA) and the supernatant was discarded. This extraction step was
repeated three times. Cell wall extraction continued with the removal of lipids and
other intracellular components. Samples were incubated in 35 mL of acetone for 10
min at room temperature and centrifuged for 5 min at 10000 g at room temperature.
The supernatant was discarded and the samples went through an additional washing
step of 10 min incubation in 35 mL of absolute methanol followed by centrifugation
for 5 min at 10000 g at room temperature. The washed residual pellets were dried
using a RapidVap Vacuum Dry Evaporation System (Labconco, Missouri, USA). The
protocol continued with the removal of residual starch from the AlR-extracted cell
wall. The pellets were incubated in 6 mL of 10 mM Tris-maleate buffer for 30 min
and then agitated at 100 °C for 5 min to promote the gelatinization of starch granules.
The samples were equilibrated to 40 °C and subjected to two rounds of a-amylase
digestion (Megazyme, Bray, Ireland). In the first round, samples were incubated for
1 h at 40 °C with an enzyme concentration of 2 U mg™, and in the second-round
samples were incubated for 30 min at 40 °C with half of the concentration of the
enzyme. The enzyme was inactivated by adding 36 mL cold ethanol and incubation
at -20 °C for 1 hour. Finally, pellets were washed three times with cold absolute
ethanol, centrifuging between each wash at 1500 g at room temperature. The final
light brown-coloured pellets were dried using a RapidVap and represent the total
AIR-extracted stem cell wall.

Page|63



Chapter 3

Cell walls of young leaves were isolated with an AIR method with additional
chloroform and SDS washing steps to remove residual chlorophyll and other
intracellular components. This protocol was optimized from (Abedon et al. 2006).
One gram of dried-grinded leaves was initially incubated with 40 mL of Tris-acetate
buffer in an ultrasonic bath (VWR International, Pennsylvania, USA) for 15 min and
centrifuged (30 min, 10000 g, 4 °C). The supernatant was discarded and the
incubation was repeated two times. The protocol continued with the extraction of the
cell wall using 80 % ethanol. Samples were incubated for 15 min in 35 mL 80 %
ethanol in an ultrasonic bath four times, with a centrifugation step (7 min, 10000 g, 4
°C) between each incubation. After the fourth time, the pellets were incubated in 35
mL acetone in the ultrasonic bath for 15 min, centrifuged (10 min, 10000 g, 4 °C),
and the supernatant was discarded. The pellets were then washed with a
chloroform/methanol (2:1) solution, vortexed thoroughly, placed in the ultrasonic
bath for 15 min, centrifuged (10 min, 10000 g, 4 °C), and the supernatant was
discarded. Afterwards, the pellets were incubated in 30 mL SDS 1 % for 1 h at 100
°C, centrifuged (10 min, 10000 g, 4 °C), and incubated in 0.5 % SDS half for another
hour. Finally, the samples were incubated in 35 mL of acetone for 10 min at room
temperature and centrifuged for 5 min at 10000 g at room temperature. The final
white pellets were dried using a RapidVap and correspond to the total AlIR-extracted
leaf cell wall.

2.3.Monosaccharide composition of the extracted cell wall

A two-step sulfuric acid hydrolysis described by Petit et al. (2019) was
applied to characterize the monosaccharide composition of the cell wall of leaves
and stems. In brief, 20 mg of AIR-extracted cell wall was incubated in 1 mL of 72 %
(v/iv) H,SO, and stirred for 1 h at 30 °C. The acid concentration was subsequently
diluted to 6 % (v/v) and the incubation continued for 1 h at 121 °C in an autoclave
(Tuttnauer 3850EL, Breda, Netherlands). Following the hydrolysis, samples were
cooled down and filtered using a 0.45 ym PTFE filter. The filtered samples were
again 10x diluted for the monosaccharide analysis by High Performance Anion
Exchange Chromatography (HPAEC) on a Dionex® ICS5000+ DC
(Detector/Chromatography Compartment) equipped with a Dionex® CarboPac PA1
(2 x 50 mm) (Dionex/Thermo Fisher Scientific, Massachusetts, USA) as described
(Rashidi and Trindade 2018). The retention time of each sugar was determined after
a single injection into the system, and the quantification was done against a
calibration curve of several dilutions of commercial monosaccharides. The sugar
concentration in the cell walls was further corrected based on sugar recovery
standards, used to quantify the amount of monosaccharides that might have been
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degraded during the sulphuric acid hydrolysis (Petit et al. 2019). The content of each
monosaccharide in the cell wall was expressed as mg monosaccharide per g dry
AIR-extracted cell wall.

2.4.Lignin quantification in extracted cell walls

The content of lignin in the cell wall of leaves and stems was determined
based on the Klason Lignin estimation described by Petit et al. (2019). Klason lignin
is defined as the insoluble residue of the cell wall after sulphuric acid hydrolysis
(Vermerris and Nicholson 2006). After the two-step H,SO, hydrolysis, the
precipitates were vacuum-filtered in a pre-weighed AP40-47 mm diameter glass fibre
filter (Millipore Sigma, Massachusetts, USA). The residues were dried at 103 °C for
12 hours and these represent the dry Klason lignin of the sample.

2.5.Inorganic components of extracted cell wall

The ion contents in young leaves, stems and in the AlR-extracted cell walls
from young leaves and stems were measured using lon Chromatography (IC)
system 850 Professional (Metrohm Switzerland). Briefly, 25 mg of dry sample
(extracted cell wall or tissue) were turned into ashes in a furnace at 550 °C for 5 h.
Ash content of each sample was expressed as the weight ratio of ashes and dry
sample. Ashes were dissolved in 1 mL 3M formic acid at constant shaking at 500
rpm for 15 min at 99 °C. The dissolved ashes were 400x diluted with Milli-Q® water
and injected onto the IC column. lon contents were calculated as the ion weight per
unit of dry weight (mg ion g~' dry mass).

3. Results

3.1.Growth and biomass allocation under salinity

Salt stress reduced the growth of quinoa plants. A detailed analysis of the
impact of the salt treatment of 400 mM NaCl on the physiology and growth of these
European quinoa varieties was reported by us previously (Jaramillo Roman et al.
2020). In short, after seven weeks of salt treatment (11 weeks after sowing) total
biomass decreased on average by 70 % compared to control conditions (0 mM NacCl)
(Figure 1A). Biomass allocation was also influenced by salinity. More biomass was
allocated to roots, less to heads, while the proportions of leaves and stems were not
significantly altered by the treatment (Figure 1B). Even though the plant biomass
was significantly reduced by salinity, the varieties displayed remarkable salt
tolerance, being able to survive, grow, remain green and produce seeds despite the
high salt stress imposed.
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Figure 1. Biomass traits of quinoa growing at 400 mM NaCl. A) Total dry biomass weight 11 weeks after
sowing, 6 weeks after salt application. Error bars indicate SE of individual means. Statistically significant
differences (p<0.05) between any variety and salt treatment combination are shown with different letters.
B) Biomass allocation as a percentage of the total weight of single plants. Means of three varieties (Jessie,
Pasto, selRiobamba) and 3 replicates per variety. Error bars indicate SE of individual means. Asterisks
denote statistically differences (* p<0.05, ** p<0.01, *** p<0.001) between the salt treatment compared to
the control. Abbreviations: LWR (leaf weight ratio), SWR (stem weight ratio), RWR (root weight ratio),
HWR (head weight ratio).

3.2. Cell wall composition under salinity

The cell wall composition with respect to the main constituents was different
between stems and leaves and was altered by salt stress in both tissues (Figure 2A-
B). Salt stress did not significantly affect the amount of extracted cell wall in stems,
and 83 % of the total AlR-extracted cell wall composition could be identified by the
different biochemical tools used in this study. The main components of quinoa stem
cell walls were polysaccharides, which accounted for 79 % of the total cell wall under
control conditions and were slightly increased to 82 % at 400 mM NaCl. Klason lignin
represented 17.5 % of the total cell wall and was reduced to 13.5 % at high salinity.
The inorganic component of the stems cell walls was not significantly affected by the
salt treatment.
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Only 60 % of the total AIR-extracted cell wall from leaf tissue could be identified by
the analytical procedures used in our research under both control and salt treatment.
No significant differences were found between treatments in the amount of extracted
cell wall. Of the total cell wall composition in leaves, the polysaccharide content was
62 %, and this significantly increased to 72 % under high salinity. The content of
lignin in the cell wall of leaves significantly decreased from 25 % under control
conditions to 20 % under salinity and the inorganic materials from 12 % to 8 %.

Especially in the leaves, the polysaccharide content of the cell wall
increased due to salt stress. In order to see whether this change might affect the
structural properties of the cell wall, we analysed the monosaccharides constituting
the main backbone polysaccharides of the cell wall: pectin, cellulose and
hemicellulose.
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Figure 2. Cell wall composition of quinoa leaves and stems under control and high salinity. A) Stems. B)
Leaves. Means of three varieties (Jessie, Pasto, selRiobamba) and 3 replicates per variety. Error bars
indicate SE of individual means. Asterisks denote statistically differences (* p<0.05, ** p<0.01, ***
p<0.001) between the salt treatment compared to the control.
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3.3.Monosaccharide composition of stem and leaf cell walls under severe
salinity

The monosaccharide composition of stems and leaves cell wall fractions
was affected by salt stress (Figure 3A-B). Glucose, which is the main building block
for cellulose, was the most abundant sugar in the stem cell walls under control
conditions and accounted for 50 % of the total sugar composition, followed by xylose
(27 %) (the main component of hemicellulose), and the pectin components
galacturonic acid, mannose and arabinose (Figure 3A). The fraction of each of the
monosaccharides in the cell wall, except xylose, was affected by the salt treatment
and the extent of those differences varied between genotypes (Figure 4A-D).
Galacturonic acid, arabinose, galactose and rhamnose were significantly increased
by salt stress in stems of all the varieties. Arabinose increased by an average 163 %,
galactose by 63 % and galacturonic acid by 26 %. Glucose and mannose contents
were reduced under salinity by 13 % and 19 %, respectively, with the bigger
reductions measured for the variety Pasto.

The monosaccharide composition of the leaf cell walls was different
compared to stems. Although glucose was the most abundant sugar in both stem
and leaf cell walls, this monosaccharide accounted for only 40 % of the total sugar
composition in leaf cell walls. Galacturonic acid, arabinose, galactose and rhamnose
were also well-represented, suggesting a high amount of pectin in the leaf cell-wall.
(Figure 3B). The sugar composition of leaf cell walls was also affected by the salt
treatment. Galacturonic acid was the second most abundant sugar after glucose
under control conditions, but under high salinity arabinose content increased from
14 % to 23 % to become the second most abundant sugar in the leaf cell wall of salt-
stressed leaves. The other pectic-related monosaccharides (galacturonic acid,
galactose and rhamnose) were strongly increased in the variety Pasto, but the
increase was not significant in the other two varieties (Jessie and selRiobamba)
(Figure 4G-H). Similarly, the content of glucose, xylose and mannose was increased
by salinity in Pasto, while the concentration of these monosaccharides in Jessie and
selRiobamba remained the same (Figure 4E-F).
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Figure 3. Relative contribution of monosaccharides to the total monosaccharide content of the cell wall.
A) Stems. B) Leaves. Means of three varieties (Jessie, Pasto, selRiobamba) and 3 replicates per variety.
Error bars indicate SE of individual means. Asterisks denote statistically differences (* p<0.05, ** p<0.01,
*** p<0.001) between the salt treatment compared to the control.
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Figure 4. Monosaccharide composition of quinoa cell walls in stems and leaves relative to the total cell
wall content. A) Glucose content in stems. B) monosaccharides related with hemicellulose (mannose and
xylose) content in stems. C) Monosaccharides related with pectin (rhamnose, arabinose, galactose)
content in stems. D) Uronic acid content in stems. E) Glucose content in leaves. F) monosaccharides
related with hemicellulose (mannose and xylose) content in leaves. G) Monosaccharides related with
pectin (rhamnose, arabinose, galactose) content in leaves. H) Uronic acid content in leaves. Means of 3
plants. Error bars indicate SE of individual means. Statistically significant differences (p<0.05) between
any variety and salt treatment combination for each monosaccharide are shown with different letters.

Page|70



Cell wall modifications in response to severe salt stress

3.4. Salinity effects on inorganic cell wall components

Inorganic ions like Ca?* are important elements of the cell wall. Salinity
influences ion homeostasis in the plant, and might affect the ion composition of the
cell wall. We measured the ion content in the AIR-extracted cell wall from stems and
leaves to understand salinity-induced changes and their association with structural
remodelling of the cell wall. Figure 5A-L compares the ion concentrations measured
in the extracted cell walls from leaves and stems. Ca?* was the predominant cation
in the cell wall of leaves and stems and its concentration was significantly higher in
the cell wall than in the entire tissue. Under control conditions, Ca?* was 38 % and
150 % higher in the cell wall than in stems and leaves, respectively. [Ca?*] decreased
due to salinity in the cell walls of stems and leaves, but not for stem cell walls of
Pasto. The [Mg?*] in the cell wall of stems was similar to the tissue concentration.
Pasto had a significant increase in the [Mg?*] both in the stem tissue and stem cell
wall under high salinity. For the other two varieties, no significant differences were
found between the leaves and stems, between the leaf and stem cell walls, or
between the treatments.

The measured concentrations of Mg?* in leaves and of Na* and K* in both
tissues were considerably lower in the cell walls than in the tissues. The cell wall
extraction approach used in this study includes several washing steps, and only the
ions that constitute structural components of cell wall polymers will be retained in the
extracted cell wall, as is the case for Ca?*. However, other ions that are present in
the cell wall in vivo may be lost during the extraction procedure. Therefore, the
function of the apoplast as a potential transient reservoir for ions such as Na* and
possibly K* cannot be examined with our current methodology. Nevertheless, the
[Na*] measured in the extracted cell wall from salinity-stressed plants was
significantly increased by 90 % in leaves and 137 % in stems. From the measured
inorganic anions, only phosphate and sulphate were detected in the stem cell walls
and only sulphate in the leaf cell walls. The content of phosphate and sulphate in
stem cell walls was not affected by soil salinity, except for Pasto, which showed a
significantly increase in the concentration of both anions. Sulphate increased by 40
% in the leaf cell walls of Pasto. This variety showed also the highest increase in
cations, which may indicate that this increase served to prevent charge imbalances
in the Pasto cell walls.
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Figure 5. lon contents in leaves and stems, and cell walls of leaves and stems of quinoa plants exposed
to high salinity expressed as mg ion per g dry weight of each respective tissue (stems/leaves/cell walls).
A) [Ca?"] in stems and stem-cell walls. B) [Ca?'] in leaves and leaf-cell walls. C) [Mg?'] in stems and stem-
cell walls. D) [Mg?'] in leaves and leaf-cell walls. E) [Na*] in stems and stem-cell walls. F) [Na*] in leaves
and leaf-cell walls. G) [K*] in stems and stem-cell walls. H) [K*] in leaves and leaf-cell walls. 1) [PO4>] in
stems and stem-cell walls. J) [PO4*] in leaves and leaf-cell walls. K) [SO4?] in stems and stem-cell walls.
L) [SO4?] in leaves and leaf-cell walls. Means of 3 plants. Error bars indicate SE of individual means.
Statistically significant differences (p<0.05) between any variety and salt treatment combination for each
tissue are shown with different letters.
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4. Discussion

Salt stress can affect cell wall properties in several ways. It affects the
source-sink balance, which will result in a remodelling of the cell wall structure. In
addition, induces structural changes in the cell wall to adapt to a new osmotic
environment. Furthermore, the ions (in particular Na*) can interact with cell wall
polymers (Byrt et al. 2018). By analysing the cell wall components in leaves and
stems of salt-stressed plants, we intend to better understand the functional
adaptations of the quinoa cell wall that contribute to its extraordinary resilience to
adverse conditions.

The monosaccharide profiles of the cell walls show a significant salt-induced
increase of galacturonic acid, arabinose, galactose and rhamnose, which is
indicative of an increase in the pectin fraction. Pectins have an important role in plant
cell growth by facilitating cell wall extensibility (Cosgrove 2015). In response to
drought or salt stress, changes in the pectin content or composition can increase cell
wall elasticity and so, contribute to the maintenance of cell turgor (Le Gall et al.
2015). Increases in at least one type of pectin in response to salt stress have been
reported in maize (Uddin et al. 2013), tolerant varieties of wheat (Leucci et al. 2008)
and soybean (An et al. 2014), coffee (de Lima et al. 2014), tobacco (Iraki et al. 1989).
In our experiment, arabinose had the highest difference between control and salt
treatment; it was increased by 160 % in stem cell walls and 60 % in leaf cell walls of
all the examined varieties under salt stress. Arabinose is a building block for
arabinans and arabinogalactans, major components of the pectin polymer RGI, is an
important residue in RGII, and is also part of glucoarabinoxylan of the hemicellulose
polymer, glycoproteins such as extensins, and arabinogalactan proteins (Zhao et al.
2019). Arabinans, galactans and highly branched arabinogalactans are main
determinants of the hydration status of the cell wall matrix due to their high water
binding capacity and ability to form gels (Klaassen and Trindade 2020). The
observed increase of arabinose due to salt stress may be indicative of an increase
of branching polymers within the pectin matrix. The importance of these branching
polymers in the context of water deficit has been extensively explored in desiccation-
tolerant species (Jung et al. 2019; Moore et al. 2008b). These so-called resurrection
plants are able to maintain cell turgor under severe drought stress by increasing cell
wall flexibility with components described as “cell wall plasticizers”, in particular
arabinose-rich polymers (Moore et al. 2013). The model proposed for desiccation
tolerant species states that arabinose-rich polymers are responsible for
buffering/replacing the loss of water by their gelling capacity, and consequently
preventing the formation of tight junctions between backbone chains (HG, cellulose
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microfibrils). These adjustments help to maintain the flexibility of plant cell walls
during growth and to adapt to changes in the water status/turgor of the cell (Moore
et al. 2008a). Our results suggest that severe salt stress induces an increase in
arabinose-branching polymers in the cell walls of quinoa that might contribute to the
hydration properties of the cell wall, the maintenance of cell turgor and the adaptation
of this halophyte species to salinity.

Plants exposed to high salinity might suffer from the accumulation of Na*
ions in the apoplast, which can interact with negatively charged cell wall polymers. It
has been established that Na* can displace pectin-bound Ca?*, disrupting pectin
crosslinking (Byrt et al. 2018). Our data constitute experimental proof that the [Ca®*]
in the cell wall is substantially reduced under high salinity, while [Na*] increases.
Pectin links are important for strengthening the cell wall, so this disruption will loosen
the cell wall. The stiffness of the cell wall must be restored, possibly by the recovery
of the levels of Ca** or the remodelling of other cell wall components (Rui and
Dinneny 2020). It is known that arabinose-branching polymers interfere with Ca?*-
induced pectic crosslinking (Cankar et al. 2014). Therefore, we propose that the
increase of arabinose branching polymers may be also associated with the
remodelling of the cell wall in salt tolerance species to compensate for the decreased
levels of Ca?" and crosslinking in pectins are.

The rise in the pectin-related monosaccharide fractions of the salt-stressed
cell walls was accompanied by a significant decrease in both glucose and lignin
content in cell walls of stems and, to a lesser extent, of leaves. It has been reported
that salt stress affects cellulose biosynthesis and the underlying mechanism has
been well described (Wang et al. 2015). Salt stress promotes the disassembly of
microtubules, which impacts cellulose synthesis by plasma membrane-located
cellulose synthase complexes (CSCs). In response to these salt stress-induced
changes, the activity of companion cellulose synthase proteins (CC) that interact with
CSCs and microtubules may be adjusted. This interaction contributes to restoring
the assembly of microtubule and promotes the activity of CSCs, thus restoring the
cellulose synthesis and helping the plant to cope with long-term salinity at a cellular
level (Endler et al. 2015). Our results suggest that the cellulose content of quinoa
cell walls decreases under salinity. Whether this is a direct effect of salt on the
biosynthesis of cellulose or the result of adaptive remodelling of the cell wall to the
metabolic status and physiology of the plants under salinity remains to be
established.

Page|75



Chapter 3

Increased lignification has been reported as a common response of several
glycophytic species to salt stress (Le Gall et al. 2015). A higher deposition of lignin
might increase mechanical strength and water impermeability of the cell wall
(Cabane et al. 2012). Our results indicate that lignin content of salt-stressed quinoa
is decreased, which indicate a different cell wall remodelling than other species. In
addition, the lower content of lignin and cellulose in quinoa cell walls under salt stress
suggests a decrease in the deposition of secondary cell wall. Secondary cell walls
are observed in mature cells that have stopped growing (Doblin et al. 2010). Perhaps
a lower content of secondary cell wall in quinoa tissues is related to a lowered and
slower growth rate of the plants under salinity.

The sulphate content of the cell wall was significantly increased under high
salinity. Due to the washing steps during the cell wall extraction procedure, it is likely
that the measured sulphate was bound to specific polymers. Although sulphated
polysaccharides are apparently absent in glycophytes, sulphated arabinogalactans
play an important role in salt stress tolerance of green algae (Chlorophyta) and some
reports suggest the presence of these components in some halophytes (Aquino et
al. 2011; Corréa-Ferreira et al. 2019). Different biochemical tools are needed to
corroborate the presence of sulphated polysaccharides in quinoa cell wall or to
understand where they are located in the cell wall. The role of sulphated
polysaccharides in the response to salt stress and salt tolerance remains unknown.
It has been suggested that these components might stabilize the negative charge of
the cell wall in the presence of an excess of monovalent cations, thus favouring
apoplastic transport and slowing down the movement of Na* towards the cells
(Aquino et al. 2011).

The remodelling of the cell wall under adverse conditions appears to depend
on the severity of the stress (Houston et al. 2016). We have examined the changes
in the biochemical composition of the cell wall of quinoa exposed to severe salinity.
As a facultative halophyte, quinoa is able to tolerate soil salinity levels that are
considered severe for most crops without excessive yield penalties. At salinity levels
that are close to that of seawater (the stress level applied in the experiment
described here) quinoa switches to a halophytic strategy in which survival is favoured
with a trade-off for growth and productivity (Jaramillo Roman et al. 2020). It remains
to be tested whether the biochemical remodelling of the cell wall described in this
study is part of the survival strategy of quinoa, or whether these modifications will
also contribute to increased salt tolerance at lower salinity levels. A multidisciplinary
approach including physiology, biochemistry, proteomics and genetics, as well as
immunolabeling-based methodologies to target specific arabinans, AGPs and
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arabinoxylans, is needed to understand the complex functional cell wall adaptations
to salt stress. It will also facilitate identification of genetic variation for these traits that
may be used to further improve salt tolerance of the crop quinoa.

Currently we are investigating cell wall monoclonal antibodies using an
inmunomicroscopy-based methodology to identify which cell wall polymer fractions
(i.e. arabinans, AGPs, arabinoxylans) are adjusted under salinity. This information
will further enhance our knowledge on how quinoa cell wall remodelling may
contribute to the remarkable salt tolerance of this crop.
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Abstract

The Plantarray 3.0 phenotyping platform® was used to monitor
the growth and water use of the quinoa varieties Pasto and
selRiobamba under salinity (0-300 mM NaCl). Salinity reduced the
cumulative transpiration of both varieties by 60 % at 200 mM NaCl
and by 75 % and 82 % at 300 mM NacCl for selRiobamba and
Pasto, respectively. Stomatal conductance was reduced by
salinity, but at 200 mM NaCl Pasto showed a lower reduction (15
%) than selRiobamba (35 %), along with decreased specific leaf
area. Diurnal changes in water use parameters indicate that under
salt stress, daily transpiration in quinoa is less responsive to
changes in light irradiance, and stomatal conductance is
modulated to maximize CO, uptake and minimize water loss
following the changes in VPD (vapour pressure deficit). These
changes might contribute to the enhanced water use efficiency of
both varieties under salt stress. The mechanistic crop model
LINTUL was used to integrate physiological responses into the
radiation use efficiency of the plants (RUE), which was more
reduced in Pasto than selRiobamba under salinity. By the end of
the experiment (eleven weeks after sowing, six weeks after
stress), the growth of Pasto was significantly lower than
selRiobamba, fresh biomass was 50 % and 35 % reduced at 200
mM and 70 % and 50 % reduced at 300 mM NacCl for Pasto and
selRiobamba, respectively. We argue that contrasting water
management strategies can at least partly explain the differences
in salt tolerance between Pasto and selRiobamba. Pasto adopted
a “conservative-growth” strategy, saving water at the expense of
growth, while selRiobamba used an “acquisitive-growth” strategy,
maximising growth in spite of the stress. The implementation of
high-resolution phenotyping could help to dissect these complex
growth traits that might be novel breeding targets for abiotic stress
tolerance.
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1. Introduction

Plant breeding for abiotic stress tolerance has proven to be complex
(Gilliham et al. 2017). A major challenge is that stress tolerance is a systemic
process that involves a number of synchronized, interconnected physiological
processes and genes operating together. A second important complication is that
these physiological processes are largely and continuously influenced by the
environment. Thus, a proper screening of tolerance traits would ideally involve
continuous monitoring of the plant responses to changes in the environment, which
means that an accurate physiological phenotyping of well-defined traits is essential
for the successful breeding for salt tolerance. Plant phenotyping has rapidly evolved
in the past decades and has benefited enormously from developments in other
disciplines such as remote sensing, robotics, computer vision and machine learning
(Furbank and Tester 2011). Most state-of-the-art phenotyping facilities, particularly
for stress-related traits, collect information using robotics and automated image
acquisition and analysis: image-based phenotyping (Fahlgren et al. 2015). A
complementary platform implements physiology-based gravimetric systems that
enable the direct measurement of plant dynamic responses, also called functional
phenotyping (Negin and Moshelion 2017). The data provided by gravimetric
platforms, together with controlled measurements of environmental parameters,
such as radiation, humidity, atmospheric vapour-pressure deficit (VPD) and
temperature provide new insights into the complex genotype x environment
interactions under specific treatments or abiotic stresses (Negin and Moshelion
2017).

Soil salinization is a major limiting factor for agriculture, causing significant
pressure on the availability of arable land. Saline soils constitute more than 20 % of
the global irrigated land and affect agricultural production in more than 75 countries.
Soil salinity causes severe yield and economic losses, especially to smallholder
farmers worldwide, and is expected to expand as a result of climate change (Qadir
et al. 2014). Plant growth is directly and indirectly affected by soil salinity. Growth
takes place by the conversion of photosynthates into structural molecules. Energy
from photosynthesis is also needed to maintain several physiological functions that
rely on assimilation of carbon dioxide and glucose metabolism, known as
maintenance respiration (De Vries 1975). When salt accumulates in the soil, the
osmotic potential decreases, and the osmotic gradient between root medium and the
roots leads to reduced water uptake with a subsequent reduction in cell expansion
(Munns 2002). By adjusting internal osmotic potential by for instance the
accumulation of inorganic and/or organic compounds, plants can restore water
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uptake, at least up to a certain degree. The salinity-induced water uptake limitation
directly affects growth through decreased CO: availability resulting from stomata
closure and down-regulation of photosynthetic metabolism (Chaves et al. 2009). The
indirect effects of salt stress on growth include possible damage to the
photosynthetic machinery caused by the secondary oxidative stress prompted by
salinity as well as an increased maintenance respiration caused by several costly
salt stress response mechanisms (i.e. osmotic adjustment, ion transport) (Karlberg
et al. 2006). Due to the increased maintenance respiration less assimilates will be
available for plant growth with the same amount of transpired water, which would
lead to a decreased water use efficiency (Munns et al. 2020a).

The assessment of plant growth and the relation with transpiration and
transpiration efficiency would provide a mechanistic account of the salinity effects at
the whole plant level. However, transpiration has always been a trait that is laborious
and expensive to measure and this has limited its incorporation in salt tolerance
studies. Therefore, we only have fragmented understanding of the consequences of
salinity-induced changes in transpiration on growth and yield reduction (Harris et al.
2010). In the present study we use a functional phenotyping platform based on mini-
lysimeters, the Plantarray 3.0 platform (Plant-Ditech, Rehobot, Israel). This platform
allows simultaneous and high temporal resolution measurements of water uptake,
transpiration and plant growth to expand our understanding of salt stress responses
of plants, using the facultative halophyte Chenopodium quinoa as a model species.

Chenopodium quinoa is an herbaceous, annual crop that originated in the
Andes and is well-adapted to harsh environments, such as nutrient-poor, drought-
affected, and saline soils. The high salt tolerance of quinoa has been widely
recognized (Hinojosa et al. 2018; Jaramillo Roman et al. 2020). The overall goals of
this study are: i) to explore the interacting effects of salt stress on water uptake,
transpiration and growth of quinoa, ii) to identify salt tolerance strategies of two
quinoa genotypes known to differ in their response to salinity and iii) to examine the
potential of high-resolution functional phenotyping for identifying physiological
markers for salt tolerance screening in breeding programs.
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2. Materials and Methods

2.1. Plant materials and treatments

The European non-bitter quinoa varieties Pasto and selRiobamba, a line
selected from Riobamba (Riobamba has still some residual heterozygosity) were
used in this experiment. These varieties were bred at Plant Breeding, Wageningen
University & Research (The Netherlands) and AbbottAgra (France) and in previous
experiments they have shown contrasting responses to salt stress (Jaramillo Roman
et al. 2020). The experiment was conducted between March and May 2019 at the
Unifarm greenhouse facilities of Wageningen University & Research, The
Netherlands. Plants were sown in trays filled with potting soil and transplanted to 4
L pots 16 days after sowing (DAS). The pots were filled with standard filtered sand
(grain size 0.6 — 1.0 mm) and each pot contained 4 plants. To prevent evaporation,
small PVC balls were put on the surface of the pots, surrounding the plants. The
greenhouse air humidity was set to a minimum of 80 % and the photoperiod to 16 h
light. When the incoming shortwave radiation was below 200 Wm™, additional
lighting was supplied (100 Wm™2). The plants were irrigated with half-concentrated
Hoagland'’s nutrient solution. Salt stress treatment started 33 DAS with irrigation with
0.5 x Hoagland’s solution plus 200 mM NaCl. However, due to the sudden increase
to 200 mM NaCl salinity, wilting was observed in the leaves of treated plants a few
hours after irrigation. Therefore, the excess of salt was washed out and the salt
treatment was built up in incremental steps of 100 mM NaCl per day until the desired
salt concentration was reached. The final salt treatments of 200 mM and 300 mM
NaCl were reached on day 36 after sowing, and the soil salt concentration in the
drainage was monitored continuously with a conductivity meter (Profile Cond 315i,
Xylem Analytics, Germany) for the duration of the experiment. Four pots per variety
were used in each treatment. Half of the plants (2 plants per pot) were harvested 47
days after sowing and the remaining plants were harvested 77 days after sowing.
During the first destructive harvest, the above-ground biomass was collected and
separated into stems, leaves and inflorescences. Leaves were split in young (upper
one-third of the plant) and old leaves (lower two-thirds of the plant). Fresh weights
of leaves, stems and inflorescences were recorded, and leaf area was measured
using a leaf area meter (Li-3000 Area Meter, Li-Cor, Lincoln, NE, USA). During the
second destructive harvest, roots were collected as well and weighed. Dry weights
were determined after drying the samples in a forced-air oven at 60°C until they
reached stable weight. The salt tolerance index (STI) was calculated as the ratio of
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above-ground dry biomass of salt-treated plants and the dry biomass of control (0
mM NaCl) plants.

2.2.Plantarray design and data collection

The functional phenotyping platform Plantarray 3.0 platform (Plant-Ditech,
Rehobot, Israel) was used to monitor plant growth through controlled tracking and
measuring of irrigation and biomass increase throughout the growing period. The
system uses highly sensitive load cells that are used as weighing lysimeters.
Additional sensors were incorporated to the system in order to monitor other
environmental factors. These were: HC2-S3-L meteo probe for relative humidity and
temperature in the greenhouse (Rotronic, Crawley, UK), LI-COR 190 Quantum
Sensor for photosynthetically active radiation measurements (Lincoln, NE, USA),
and a soil moisture, electro-conductivity and temperature sensor (5T, Decagon
devices, Pullman, WA, USA) incorporated in every pot. Each load unit (containing
one pot) was connected to an individual control unit (CR1000 data logger) (Campbell
Scientific, Logan, UT, USA) (Figure 1A). The system recorded the weight of the pots
plus the environmental information registered by the sensors every 3 min. The data
collection could be viewed in real-time through the online web-based software
SPAC-analytics (Plant Ditech, Rehobot, Israel). The physiological traits could not
directly be extracted from the protocols implemented by the SPAC analytics
software, because at the beginning of the experiments the seedlings were very small
and despite the use of the PCV balls the effect of evaporation was considerable, and
therefore the weight of the pots could not be equilibrated. Several pots containing
only substrate were placed next to the system and weighed manually on a daily basis
to estimate evaporation from the pots.

Additional pots were grown next to the system for the two varieties (8 pots
with 4 plants each) and harvested throughout the experiment for growth rate
calculations. Several destructive harvests were performed on this material: 1) when
seedlings were transplanted from trays to pots (16 days after sowing (DAS)), 2) when
pots were incorporated to the system (26 DAS), 3) when the salt treatment started
(36 DAS). The harvested material was used to measure leaf weight ratio (LWR) (g
g™, and specific leaf area (SLA) (m? kg ~'). SLA was calculated as the amount of
leaf area per unit of leaf dry weight, LWR as the leaf fraction of the total dry plant
biomass. RGR was calculated as the natural logarithm of the relative increase in
plant biomass over the mentioned period of time: RGR = In(W2/W+1)/(t2-t1) (Lambers
and Poorter 1992). Net assimilation rate (NAR, g m™2day™') was derived using the
linear relation RGR = LWR X SLA x NAR. The RGR components calculated per
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period for the plants in the extra pots were used to estimate the RGRs of the plants
in the system. To do so, it was assumed that the plants only grew during the light
hours, and that RGR was strongly correlated with PAR during the day. This allowed
us to derive RGRs for the plants in the system from the RGRs measured on the extra
pots. Using the initial weight of the seedlings at the start of the experiment and
assuming exponential growth of the plants, the derived RGRs were used to calculate
fresh weights (FW) of the plants in the system with a 3-minute resolution. The
measured fresh weights of the first three destructive harvest of the extra pots (16,
26 and 36 DAS) and the measured fresh weights on the plants on the system at 47
and 77 DAS were used as reference values to validate the calculation of FW values
throughout the experiment.

The interpolated RGRs and FWs were used to estimate the other
components of the RGR analysis (LWR and SLA) at each individual timepoint, and
to obtain a reference value for the leaf area. Transpiration rate per time point equates
rate of water loss from the pots, corrected for evaporation. This was calculated using
the weight values of pots plus plants provided by the system and subtracting the
interpolated FW and the weight of static components added to the lead cells.
Correction for evaporation was done based on the evaporation rates of the extra
pots without plants. A running average of 180 min was used in the calculations to
account for possible missing values in the weights provided by the lysimeters.
Stomatal conductance (gs) was calculated as transpiration rate/ leaf area/ VPD %.
A running average of 120 minutes of data that was recorded every 3 minutes was
used to correct for possible errors or outlier values in the system or VPD
measurements. To validate the calculated gs, a portable leaf porometer (Decagon
Devices Inc., WA, Australia) was used to measure gs on the abaxial side of the
second fully developed non-shadowed leaf between 12:00- 13:00 hours at 58 DAS.
Finally, whole plant water use efficiency (WUE) was calculated as g FW/ g water
transpired for an interval of 3 min in a 2 h running average using the interpolated
fresh weights and transpiration rates.

2.3.Integrating phenotyping data to a crop production model

The mechanistic crop growth model LINTUL (Light interception and
utilisation) was used as a framework to integrate several physiological components
to plant growth (Spitters and Schapendonk 1990). LINTUL is based on the linear
relationship between produced biomass and the amount of radiation intercepted by
the crop. The crop growth rate is calculated as: dW,/dt = f; X PAR, X RUE,
where dIW, /dt is the instantaneous growth rate at day t (g DM m™ d™"), PAR, the
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incoming amount of photosynthetically active radiation (MJ m™2 d™, ‘light’ wave
bands 400-700 nm), f; the fraction of PAR intercepted by the foliage, and RUE the
average light utilization efficiency or radiation use efficiency (g DM MJ™" PAR). The
fraction of light intercepted during exponential growth can be calculated as 17*P(kLA)
on the basis of simulated LAI, where LAl is the leaf area index (m? leaf surface (Wtx
LWR x SLA) m™2 ground surface) and k is the extinction coefficient (Spitters and
Schapendonk 1990). Based on several studies that applied the LINTUL crop growth
model (Sinclair and Muchow 1999), the radiation extinction coefficient (k) was
assumed to be 0.8 for this experiment, and the area of the pot that intercepted light
(based on a pot size of 40 x 60 cm ) to be 1 m2. Following an Expo linear model,
RUE can be related to the RGR through the following relations: 1/W, x dW,/dt =
RGR = LWR X SLA X NAR, thus NAR = PAR, x RUE (Van Loo 1992).

2.4.Rapid light curve

Chlorophyll fluorescence measurements were performed at 76 DAS using
the stand device Robin PSI PlantScreen TM system (Photon System Instruments,
Brno, Czechia) for kinetic chlorophyll fluorescence analysis. The device is equipped
with a chlorophyll fluorescence imaging unit FluorCam FC-800 mF Pulse Amplitude
modulated (PAM). Three detached young leaves per plant were introduced in the
device to perform the analysis. Rapid light curves were measured following 20
seconds acclimation at six different actinic light intensities (10-20-40-60-80-100 % of
a maximum actinic light of 1692 ymol m=2 s™") for a duration of 10 s. The calculated
parameter was the PSII effective quantum yield (¢rsi) defined as (Fm—F')/F'm where
F’ is the fluorescence emission from a light-adapted leaf and F'm is the maximal
efficiency from a light-adapted leaf. Relative electron transport rate (rETR) is an
approximation of the rate of electrons pumped through the photosynthetic chain, and
was estimated as: rETR = @psy x PAR x 0.85 x 0.5 where 0.85 is the value for
absorption coefficient of the leaves and 0.5 the fraction of excitation energy
distributed to PSII (Tschiersch et al. 2017).

2.5. Thermal imaging of quinoa leaves

A thermal camera (FLIR A655sc, FLIR Systems, INC., Wilsonville, UE) was
mounted above the plants. This camera has a 640 x 480 pixels resolution, and a
temperature range of -40 °C- 150 °C, with a spectral range of 7.5 -14 ym. The
camera was allowed to automatically perform a NUC calibration throughout the
period of imaging (between day 58 and 66 after sowing). One picture frame was
recorder every ten minutes and the leaf temperatures were measured in a circular
region in the centre of a young leaf of each plant as depicted in Figure 5A.
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2.6.lon content measurements

The ion content of young and old leaves, stems and roots was measured
using lon Chromatography (IC) system 850 Professional (Metrohm Switzerland). For
this purpose, oven-dried tissues were ground to fine powder using a hammer mill
with 1 mm sieve. Twenty-five mg per sample was ashed in a furnace at 550 °C for 5
h. Ten ml of Milli-Q® water was added to the ashes and these were shaken for 15
min at 5000 rpm at 100 °C. Prior to injection onto the IC system, samples were
diluted 400 times with Milli-Q®. lon contents were calculated as the amount of ions
per unit of dry weight (mg ion g™' dry mass) and the ion concentrations were
estimated based on the water content of the tissue. The ratio K*/ Na* was calculated
based on mg K*/ mg Na* content.

2.7. Statistical analysis

General analyses of variance (ANOVA) were performed to determine the
significance of genotypic differences, salt treatment differences and their interactions
(p <0.05). The analyses were performed following a standard procedure for a linear
mixed model, for which genotype and salt treatment were considered fixed effects
and blocks random effects. The above-mentioned model was: y;j, = u + b, + a; +
di + Bj + afij + e, were y;; is the response variable, u is the grand mean, «; is
the salt treatment effect, §; is the genotype effect, af;; is the genotype-by-salt
interaction effect, b, and d;, are the block effects and e, is the residual error.
Multiple comparison analyses were performed using Fisher's protected least
significant difference (LSD) test on genotype means. All statistical analyses were
performed using the software Genstat 19" Edition (VSN International Hemel
Hempstead, UK).

3. Results

3.1.General salt stress response of the plants

The effect of salt stress on the biomass and ion distribution in plant tissues
of Pasto and selRiobamba was similar to previous evaluations (Jaramillo Roman et
al. 2020). Two destructive harvests were carried out during this experiment. The first
one at 47 DAS (11 days after the start of the stress) and the second one at 77 DAS
(41 days after the start of the stress). After 11 days of salt stress, biomass was
already significantly reduced and the average salt tolerance based on dry weight
was 80 % for the 200 mM NaCl treatment and 50 % for the 300 mM NaCl treatment.
At the second destructive harvest (6 weeks of salt stress), the impact of salinity on

Page|87



Chapter 4

biomass was greater, with an average salt tolerance of 56 % at 200 mM NaCl and
34 % at 300 mM NaCl (Figure 1B). Both varieties were smaller but remained green
and did not lose leaves despite the high salt treatments, but selRiobamba was
significantly more salt tolerant than Pasto. The Na*, K* and CI~ concentrations were
measured in roots, stems, old and young leaves at 77 DAS. The concentration of
Na* in selRiobamba showed an increasing gradient from roots to stem to leaves,
and the concentration was slightly lower in young leaves compared to old leaves.
Pasto on the other hand, showed lower [Na*] in leaves compared to roots and stems.
The [Na*] of Pasto in young leaves at the 300 mM NaCl treatment was 156 mM,
compared to 531 mM in selRiobamba (Supplementary Figure 1A). A similar trend
was observed for the [CI7] in different tissues. The highest concentration of CI~ for
selRiobamba was measured in leaves, while Pasto showed lower levels of CI™ in
young leaves compared to stems and roots (Supplementary Figure 1B). Salinity
significantly decreased the [K*] of selRiobamba in all tissues. For Pasto, [K*] was
not significantly affected by the 200 mM NaCl treatment and was significantly
increased by an average of 20 % in stems and young leaves at 300 mM NaCl
(Supplementary Figure 1C). The K*/Na* was higher in Pasto for all tissues and
treatments.
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Figure 1. A) Plant Array 3.0 platform used in this study. Each pot is positioned in a sensitive load cell
connected to a control unit. B) Pasto and selRiobamba at 77 DAS (6 weeks after the start of the salt
treatment).
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3.2. Monitoring plant growth and transpiration throughout the season

The Plantarray phenotyping platform used in this study allowed us to monitor
transpiration and biomass gain of plants continuously throughout the growing period
(77 days). The cumulative water transpired by the plants is depicted in Figure 2A.
Under control conditions, transpiration of Pasto and SelRiobamba was similar, in
spite of their morphological differences (Pasto is a shorter variety and has higher
leaf area per plant than selRiobamba) (Figure 2B). The salt treatment significantly
affected the transpiration of plants. At 200 mM NaCl, transpiration was reduced by
on average 60 %. The more severe treatment of 300mM NaCl had a stronger effect
on transpiration and also accentuated the differences between varieties.
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Figure 2. Dynamics of transpiration and growth throughout the season. A) Cumulative plant transpiration
in two varieties (Pasto and selRiobamba) and three salt concentrations (control (0 mM NacCl), 200 mM
NaCl and 300 mM NacCl). B) Total water transpired by the plants at 77 DAS under salt stress as a
percentage of the control. C) Fresh biomass per plant. Fresh weights were interpolated based on RGRs
estimated from destructive harvest from extra pots (days 11, 21 and 36 after sowing) or plants growing in
the system (47 and 77 DAS). The dotted black lines in the graph indicate the dates of the harvest in which
the interpolated weights were validated with the biomass data from the harvests (16, 26, 36, 47, 77 DAS).
D) Fresh biomass of the plants at 77 DAS under salt stress as a percentage of the controls. Means of 4
plants. Error bars indicate SE of individual means.
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By the end of the experiment, the average cumulative transpiration per plant
was 11 L in control conditions, while at 300 mM NacCl, transpiration was 66 % lower
for selRiobamba and 88 % lower for Pasto (Figure 2B). The progressive
accumulation of biomass was also monitored throughout the experiment (Figure 2C).
Salinity had a significant effect on the fresh weight of plants already after four days
(p<0.001). Throughout the season, growth rates and biomass accumulation of both
varieties were not significantly different under control conditions and were reduced
by salinity. Biomass was more reduced in Pasto than selRiobamba. By the end of
the experiment (after six weeks of salt treatment), the fresh biomass of selRiobamba
was 35 % decreased under 200 mM NaCl and 50 % decreased under 300 mM NaCl,
while Pasto biomass was 50 % and 70 % decreased under 200 and 300 mM NaCl,
respectively (Figure 2D).

3.3.Variation in water use responses to salinity throughout the season

Daily transpiration rate was calculated considering only the hours of light
(Figure 3A). Salt-induced differences in the amount of water transpired were
detected from the first day of salt treatment. Throughout the season, the transpiration
rates were similar for the varieties under control conditions and under the lower salt
treatment of 200 MM NaCl. However, under 300 mM NaCl, transpiration was clearly
higher for selRiobamba. The differences in transpiration between salt treatments and
varieties were significant. By the end of the experiment, the transpiration rate was
reduced by 75 % for selRiobamba under 300 mM NaCl and 82 % for Pasto.

Stomatal conductance (gs) was calculated using transpiration rates and
interpolated leaf area data as described in Materials and Methods. Salt had a
significant effect on stomatal conductance already three days after the start of the
salt treatment (Figure 3B). Under 200 mM NaCl, the gs for selRiobamba was 35 %
lower, while the gs for Pasto was 15 % lower than control. Under 300 mM NacCl, the
gs for both varieties was reduced by 35 %.

Water use efficiency (WUE) at whole-plant level was calculated using
Plantarray data as the ratio of cumulative biomass to cumulative water transpired.
WUE was strongly influenced by the salt treatment throughout the growing period
(Figure 3C). Shortly after the start of the salt treatment, WUE was lower at 300 mM
compared to control and the 200 mM NaCl. However, a few days after the application
of salt, WUE of the stressed plants exceeded the one of plants growing under control
conditions. By the end of the experiment, WUE of both varieties at 200 mM NaCl
was 56 % higher than control. At 300 mM NaCl, Pasto WUE was increased by 60 %
and selRiobamba WUE by 75 % compared to the controls.
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Figure 3. Water use parameters derived from Plantarray 3.0 data. A) Average transpiration rate per day
considering the hours of light received by the plants in the greenhouse. B) Average stomatal conductance
(gs_system) per day considering the hours of light received by the plants in the greenhouse. C) Average
whole-plant agronomic water use efficiency (WUE) per day considering the hours of light received by the
plants in the greenhouse. Means of 4 plants. Error bars indicate SE of individual means.
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3.4. Plantarray derived versus porometer stomatal conductance

The stomatal conductance derived from the Plantarray System data
(gssystem) was validated by comparing with the stomatal conductance measured with
a steady state porometer (gsporometer) at 58 DAS (21 days after start of salt stress).
Similar to gssystem, salt-treated plants had significantly lower leaf gsSporometer than
control plants and no significant differences were found between varieties (Figure
4A-B). A strong positive correlation of 0.95 was found between the gSporometer and the
gssystem (Figure 4C), indicating that the stomatal conductance calculations using the
Plantarray data are valid and that the derived stomatal conductance is a reliable
representation of stomatal behaviour.
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Figure 4. Comparison of the derived versus porometer stomatal conductance (gs). A) gs_system derived
from Plantarray data as the average gs between 12:30 to 13:15 at 58 DAS. B) gs_porometer measured
with a porometer from 12:30 to 13:15 at 58 DAS. C) Correlation between the derived from Plantarray
versus porometer gs. Means of 4 plants. Error bars indicate SE of individual means. Statistically significant
differences (p < 0.05) between any variety and salt treatment combination are shown with different letters.
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3.5.Thermal imaging as a surrogate estimation of stomatal conductance

Infrared thermography phenotyping was used as an additional tool to
monitor plant stomatal responses to salt stress from 58-66 DAS (39-45 days after
the start of the stress) (Figure 5). Leaf temperatures were higher in the leaves of
stressed plants compared to the controls (Figure 5A, B and C). On average, the
difference between control and stressed plants was 2 °C, and the difference between
the 200 and 300 mM NaCl treatments was about 1 °C (Figure 2C). The daily leaf
canopy temperature and the daily gs calculated from Plantarray parameters were
highly correlated (R?= 0.9277) (Figure 5D).
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Figure 5. Leaf temperatures from thermal imaging for quinoa. A) Thermal image obtained by a FLIR
A655SC Thermal Camera. White circles indicate the regions used to determine the mean leaf temperature
per plant. B) Average leaf temperature during the day (07:00 AM- 18:00 PM). Means of 7 consecutive
days (59-65 DAS). Error bars indicate SE of individual means in the same plant. Statistically significant
differences (p < 0.05) between any variety and salt treatment combination are shown with different letters.
C) Fluctuation of leaf temperature during a day (63 days after sowing, 42 days after start of the stress).
D) Correlation between leaf temperatures and gs_system derived from Plantarray data.
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3.6.Variation in water use responses to saline conditions throughout the
day

The physiological traits measured in this study (transpiration rate, gs, WUE,
leaf temperature) are influenced by environmental factors such as light intensity and
VPD that vary between days and with the diurnal cycle. Figure 6 depicts the diurnal
patterns of these parameters under control and saline conditions for two consecutive
days (62-63 DAS, 41-42 days after the start of the stress). Light intensity and VPD
showed considerable variation through the day and between days (Figure 6 A-B).
The first day had higher irradiance levels than the second day. Maximum PAR on
the first day was 830 ymol m™s™ and occurred between 12:15- 13:15 hrs. On the
second day, the distribution of light was more homogenous during the day, and the
maximum PAR recorded was 380 ymol m™s™'. VPD patterns were similar to PAR
patterns, with a maximum VPD of 3.5 kPa measured during the first day and of 2.2
kPa during the second day. The transpiration rate during the same two days showed
clear differences between treatments, varieties, and days (Figure 6C). Transpiration
under control conditions followed the pattern of PAR. On the first (bright) day, the
transpiration rate at the highest PAR level of the day was 740 mg H,O/plant/min for
both varieties, compared to a maximum rate of 580 mg H,O/plant/min measured on
the second more cloudy day. Under salt stress, transpiration rate was stable during
the day and not significantly different between days, indicating that under saline
conditions, transpiration is less responsive to changes in PAR. Stomatal
conductance showed an early morning peak that declined as VPD increased and
reached a plateau during the late morning and midday hours (Figure 6D). The
morning gs showed a peak earlier under salt conditions than under control
conditions, which may be a strategy to maximise CO, absorption despite the lower
transpiration rate. WUE for plants under control conditions was very stable
throughout the day on both days, and similar for both varieties (20 kg FW/ m*® H,0)
(Figure 6E). WUE was significantly higher in plants under stress conditions. At 200
mM NaCl, WUE was similar for both varieties. During the first day, a max WUE of 65
kg FW/ m*® H,O was estimated around 11:00 AM (about one hour before the light
irradiance and VPD max peaks recorded on the same day). During the second day
with lower levels of irradiance, WUE values were also lower; the max WUE at 200
mM NaCl was 42 kg FW/ m?® H,O. The varietal differences were even more
pronounced under 300 mM NaCl treatment, and the relative differences between the
varieties were also higher on bright days. At peak irradiation on day one, WUE of
selRiobamba was about 79 kg FW/ m?® H,O, while the WUE of Pasto at the same
time was 15 % lower. In line with gs, leaf temperatures of stressed plants were
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significantly higher than control plants during the whole day (Figure 6F). Differences
in temperature were clear from the start of the light period. The highest differences
in temperature were observed during the afternoon (13:00- 18:00) when the average
leaf temperature of control plants was 21 °C and of stressed plants as high as 25 °C.
No significant temperature difference was observed between the 200 and 300 mM
NaCl treatment. Leaf temperatures were different between a bright and cloudy day,
especially for stressed plants. The maximum temperature registered for leaves of
plants growing at 300 mM was 31 °C at 13:00 PM, while the temperature of control
plants at the same time was 24 °C.
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3.7.Effect of salt on the photosynthetic capacity of quinoa

A rapid light response curve was recorded at 76 DAS to investigate the effect
of salt on the photosynthetic capacity of quinoa plants, plotting effective quantum
yield (@PSIl) as a function of PAR irradiance (Figure 7A). @PSIl provides an
indication of the amount of energy used for photochemistry. At the lowest level of
irradiance, @PSII has its maximum value, which for control was 0.77, indicative for a
healthy leaf. At 183- 965 pmol photons m™2s™, the effect of salt was the most
pronounced. For selRiobamba, @PSIl was 7 % lower at 200 mM NaCl and 11 %
lower at 300 mM NaCl. Pasto showed a 10 % decrease at 200 mM NaCl but only a
5 % decrease at 300 mM NaCl. ¢PSII multiplied by PAR gives a relative indication
of the photosynthetic electron transport rate (ETR) (Figure 7B). Since @PSII is not
linked to the amount of chlorophyll, the calculated parameter is the relative ETR
(rETR) and is distinct from the ETR obtained from an oxygen-base P-E curve (Ralph
and Gademann 2005). The rETR rapidly increased with light intensity. However, the
steady state was not reached with the maximum actinic light applied in this study
(1692 umol photons m™s™"). The rETR of plants growing under salt treatment were
slightly lower but not significantly different than control plants (Figure 7B).

Page|98



High-resolution analysis of growth and transpiration under saline conditions

——Pasto_0mM —e—Pasto_200mM —a—Pasto_300mM
== selRio_0mM -<-selRio_200mM -a-selRio_300mM
0.80
0.75
2
@_’ 0.70
T
@ 0.65
>
£
3 0.60
f=
]
T 0.55
(]
2
T 0.50 -
[}
b=
w
0.45 -
0-40 T T | T
11.7 183 577 965 1338 1692
324 { B
= > il
(7] 2
)
€ 108 -
w
c
S 175
o
K=
o
S 36 - 150
=4 x©
H &
[~5 125
'_
w
=12 A
100
Pasto selRiobamba
HOmM_NaCl ®200mM_NaCl = 300mM_NaCl
4 T T T T
11.7 183 577 965 1338 1692

Actinic light (umol photons m=2s™")
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3.8.Functional growth analysis of quinoa

During the course of this experiment, RGR and its components were
monitored in three main periods: before the application of the stress, from the
beginning of the stress until the first destructive harvest (36-41 DAS) and between
the first and second destructive harvests (47-77 DAS). During the first phase of
stress, salt significantly decreased RGR, especially in Pasto (Figure 8A). At 200 mM
NaCl, selRiobamba RGR was similar to control, while Pasto’s RGR was already
significantly lower (Figure 8A). The decrease in the RGR of Pasto at this time
appeared to be mostly caused by a significant decrease in the specific leaf area
(SLA) (Figure 8B), while the reduction in net assimilation rate (NAR) was mostly
responsible for the reduced RGR of selRiobamba (Figure 8C). For both varieties,
LWR was not significantly different between the control and 200 mM NaCl, but
increased in the most severe treatment of 300 mM NacCl (Figure 8D). During the last
period in which RGR analysis was performed (47-77 DAS), the RGR components
were less affected by salt. Only the SLA was decreased by the salt treatment and,
interestingly, NAR was even higher under salt stress than under control conditions
for Pasto.

Radiation use efficiency (RUE) provides a measurement of the efficiency of
a plant to use radiation energy for biomass production. In our experiment, the
LINTUL crop model was used to estimate RUE as an integration of several
physiological parameters. During the first period of growth after the application of the
stress (36-41 DAS), RUE was significantly decreased by salt stress, and differences
were found between varieties. For Pasto, RUE decreased by 33 % at 200 mM NaCl
and by 73 % at 300 mM NaCl. For selRiobamba, RUE was only decreased at the
highest salt concentration of 300 mM NaCl by 63 % (Figure 8E).
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4. Discussion

We used the Plantarray phenotyping platform to gain insight in the salt
response of two quinoa varieties, and in the consequences of different strategies
with respect to transpiration, assimilation and growth. The impact of salt stress on
the growth and physiological responses of the quinoa varieties Pasto and
selRiobamba was similar as reported before (Jaramillo Roman et al. 2020). The
plants remained green and were able to grow under salinity but dry biomass was
strongly reduced by on average 44 % at 200 mM NaCl and 66 % at 300 mM after six
weeks of the start of the salt treatment. Pasto and selRiobamba showed differences
in their physiological responses to salinity, which resulted in a higher salt tolerance
in selRiobamba than Pasto. The main cause of the reduced growth rate of Pasto
was a decrease in SLA, which strongly indicates that the leaf area expansion rate of
Pasto was relatively low and leaf thickness increased. The SLA of selRiobamba was
less affected; the main cause of the reduction of the growth rate of this variety under
salinity appeared to be a lowered NAR, which is indicative of the photosynthetic
capacity of the plant (Lambers and Poorter 1992). The varieties also differed in ion
uptake and distribution within plant tissues. In Pasto, the Na* and CI~ concentration
in young leaves remained lower than the root medium, while in selRiobamba
concentrations of 500 mM were measured for both ions, which points to a stronger
shoot ion exclusion activity for Pasto. As reported before, quinoa is recognized for
its ability to retain or even increase K* under salinity, especially in young
photosynthetically active leaves (Hinojosa et al. 2018; Jaramillo Roman et al. 2020).
Pasto and selRiobamba showed differences in K* retention. In Pasto, [K*] in young
leaves of salt stressed plants was 400 mM, 20 % higher than in plants under control
conditions, while in selRiobamba, [K*] was 50 % reduced under the 300 mM NaCl
treatment. The energetic cost of K* retention under saline conditions is high: 1-2 mol
ATP is needed for the retention of 1 mol of K* (Rubio et al. 2020). For this reason,
retaining K* under salinity has been described as a ‘metabolic switch’, in which a
larger amount of ATP is redirected to adaptive traits to salt stress (Rubio et al. 2020).
Our results indicate that Pasto allocated more resources towards this adaptation, but
this may have come at a metabolic cost, reflected in the higher reduction of biomass
under salt stress (Figure 2).

4.1.Whole-plant adaptations to salt stress

Transpiration was strongly reduced by salinity. Under the 200 mM NaCl
treatment, cumulative transpiration was 60 % reduced for both varieties. The 300
mM NaCl treatment strengthened this reduction and the differences between
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varieties; cumulative transpiration was 66 % and 80 % reduced in Pasto and
selRiobamba, respectively. Cumulative transpiration had a strong positive
correlation with the fresh weights of the plants (Figure 9A). However, under 200 mM
NaCl, Pasto had a stronger reduction in biomass than selRiobamba while
transpiration was similarly reduced. It is possible that while the available resources
(water, CO,) in both varieties were similar, assimilates were less allocated to
biomass production in Pasto, and more directed towards salt tolerance responses
(morphological adaptations like decrease in SLA, Na* and CI- exclusion, K*
retention, among others). Transpiration was significantly correlated to [Na*] and [CI]
in the roots (Figure 9B) but not in young leaves. In addition, Na* and CI-
concentrations in leaves of Pasto were lower than selRiobamba, while the
transpiration rate in both varieties was similar. This indicates that the ion
concentrations in young leaves may be more determined by ion exclusion
mechanisms (mainly at xylem loading) than by the transpiration rate of the plants.
We examined the effect of the reduction of transpiration on the growth rate and the
RGR components. Despite the 60 % reduction in transpiration, the 200 mM NacCl
treatment did not affect NAR, which means the photosynthetic rate was not affected
by this for quinoa mild salinity level. Transpiration had a positive correlation with SLA
(Figure 9D). The morphological adaptation of reduced leaf expansion and thicker
leaves reduced the total surface available for water loss, which agrees with the lower
transpiration of Pasto, especially under 300 mM NacCl.
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Interestingly, selRiobamba had a smaller reduction in total plant
transpiration than Pasto, but its stomatal conductance (transpiration per unit leaf
area, standardized for VPD) was more reduced than that of Pasto. This may be
explained by the stronger reduction in leaf expansion of Pasto. We argue that this
might be an important difference between the salt stress response of these quinoa
varieties. Pasto lowers total transpiration by a decreased leaf area (without strong
control of stomata) while selRiobamba appears to control stomatal aperture to
minimize water loss and optimize transpiration.

The effect of salinity on the stomatal conductance calculated from Plantarray
data (gssystem) Was comparable to the effect on the stomatal conductance measured
with a porometer (gSporometer) (Figure 4), validating the gssystem calculations. However,
the gssystem values were approximately 46 % lower than the gsporometer values under
all treatments. This seems counterintuitive as the gssystem was derived from the total
leaf transpiration (transpiration from both the abaxial and adaxial side of leaves),
while gsporometer represents the conductance only from the abaxial side of a leaf. We
tested the relative contribution of abaxial and adaxial stomatal conductance to the
total stomatal conductance with plants grown at 0 and 300 mM NacCl in a separate
experiment. At 0 mM, the adaxial gs was not significantly different from the abaxial
gs; the ratio of adaxial to abaxial gs was 1.02 (Supplementary Table 1). At 300 mM,
however, this ratio was much lower than 1 (0.76). We used this information to correct
the whole plant gs calculated from porometer gs values for the relative contribution
of the abaxial and adaxial sides of the leaves. Another parameter that needs to be
considered when comparing gSporometer and gSsystem is the boundary layer resistance.
The gsporometer data is not affected by the boundary layer resistance (McDermitt
1990). Yet the influence of boundary layer resistance in plants growing in the
greenhouse might considerably decrease whole-plant conductance (Katsoulas et al.
2007), and the effect of the boundary layer resistance (gb) is not considered in the
calculation of the gssystem. The gssystem, which in fact is the total conductance, includes
gs as well as gb, and is equal to 1/(1/gs+ 1/gb). Here, gs is the stomatal resistance
from both sides of the leaves combined and gb is the boundary layer resistance.
Therefore, the whole plant gs was used to estimate a single boundary layer
resistance for this experiment (230 mmol/m?/s). The boundary layer resistance in
greenhouses varies from 200-2000 mmol/m?/s depending on the wind speed and the
size of leaves (Kimura et al. 2020). The gb calculated in our experiment corresponds
to a very low wind speed of 0.05 m/s, which is agreement with the conditions in our
greenhouse. The gssystem values corrected for the boundary layer resistance
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(gSsysyem_corr) @re highly comparable to gsporometer Values corrected for both sides of
the leaf (gSporometer_corr) (Figure 10)
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Figure 10. Correlation between gs porometer measurements corrected for the abaxial and adaxial sides
of the leaves (gSporometer corr) and the gs from the system after correcting for the effect of the boundary layer
resistance (gSsysyem corr)-

WUE can be defined and measured in different ways; it can be an
instantaneous measurement of the ratio of the photosynthetic rate and the
transpiration rate, or a productivity measurement of the ratio of biomass
accumulation and water use over a period of time (Leakey et al. 2019). The
Plantarray system provides a platform to continuously monitor changes in WUE that
result from dynamic interactions between water use and biomass gain by the plants.
Thus, WUE can be studied as a dynamic process more than a productivity indicator.
In our study, salinity significantly increased the WUE of quinoa. It should be noted
that the WUE calculated from Plantarray data is expressed as
kg Fresh Weight/ m® H,O, and not dry weight. However, the differences in WUE
caused by the salt treatment in quinoa are not a result of a lowered water content in
the leaves of salt stressed plants, since the differences in the dry matter content
between treatments are negligible. A main goal of breeding for salt or drought stress
tolerance is to improve the WUE of plants, but only as long as this also supports
greater productivity under the stress conditions (Leakey et al. 2019). High values of
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WUE are typically observed when stomatal conductance is lower that the potential
maximum for a genotype, which also results in reduced growth (Yoo et al. 2009).
Therefore, higher values of WUE are often associated with smaller plants, lowered
growth and low crop production (Blum 2009). By continuously monitoring WUE and
parameters that might affect the WUE (evaporation, transpiration rate, biomass gain,
stomatal conductance, leaf area, and environmental parameters such as VPD) we
might be able to identify whether the increase of WUE in a particular genotype is
mostly associated with lower water loss, or whether certain adaptations contribute to
increase productivity and maximizing the efficiency of water use. Both Pasto and
selRiobamba showed higher WUE under salinity; however, with similar amounts of
water transpired, more biomass was produced by selRiobamba (Figure 9E). The
increased WUE might therefore be a favourable trait for the productivity of
selRiobamba, and more of a water-saving strategy for Pasto; the causes of the
increase of WUE in both varieties might be associated with different physiological
mechanisms that should be further explored.

One of the greatest advantages of the Plantarray system is the temporal
resolution of the measurements that enables to monitor water use responses not
only to environmental variation throughout the growing cycle, but also to diurnal
variations of environmental parameters like light irradiance and atmospheric VPD.
The day-to-day patterns of transpiration, gs and WUE were compared between two
consecutive days that showed different levels of VPD and light irradiance (Figure 6).
The relative differences in the transpiration rate between days were higher under
control than under salt stress. Reducing transpiration is a common adaptation to
saline conditions. Photosynthesis is primarily limited by the CO2 uptake, while it is
affected by light availability to a much lower extent (Flexas et al. 2004). Assuming
the photosynthetic machinery is saturated, the additional water transpired under
control conditions in a day with higher irradiation will be either wasted or used for
canopy cooling purposes, but will not be associated with higher biomass synthesis.
Under saline conditions, the plant cannot afford to waste water. Therefore, a tighter
control of transpiration rate by quinoa under salt stress is necessary. Stomatal
conductance was influenced by the fluctuations in VPD during the day, which has
been identified as a “patchy” stomatal behaviour (Buckley 2005). The daily gs is
depressed at maximal VPD (midday), and a high gs is observed in the early morning,
when light irradiance increases and VPD is still low (Gosa et al. 2019). When VPD
is high, evaporation from the leaves is high as well, so a strict control of stomatal
opening at high VPD might be an additional strategy to enhance CO:2 uptake without
excessive loss of water. The continuous monitoring of gs indicated that quinoa has
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a strict control in stomatal opening, which might be even increased under salinity.
However, the total amount of water that could be saved throughout the growth cycle
by the temporal control of stomatal opening needs to be estimated.

Infrared thermography was used to monitor salinity-induced changes in leaf
temperature. Leaf temperature has been considered a proxy for gs (Hackl et al.
2012; Ivushkin et al. 2018), and canopy thermography was also used as an indicator
of salinity stress in quinoa (lvushkin et al. 2019a). The surface of a leaf is cooled by
evaporation, so a strong correlation exists between the cooling of the leaves with
transpiration rate and stomatal opening. In our study, canopy temperature had a
strong negative correlation with gs, transpiration, biomass, and growth, and a
positive correlation with water use efficiency, Na* and CI- content in young leaves
(Figures 10 F-G). Salinity significantly increased the leaf temperature by 2 °C at 200
mM NaCl and 2.7 °C at 300 mM NaCl. Salinity significantly increased the leaf
temperature by 2 °C at 200 mM NaCl and 2.7 °C at 300 mM NaCl. Genotype-specific
responses could also be identified using infrared thermography (Figure 5). The leaf
temperatures of selRiobamba were slightly but not significantly higher than Pasto.
Previously, we pointed out that Pasto had a lower transpiration rate than
selRiobamba, and suggested that this was achieved by decreasing SLA rather than
decreasing gs. An additional advantage of this adaptation could be that water loss is
reduced without compromising the cooling system of leaves. In this way, significant
differences were found in the transpiration rate and gs of Pasto an selRiobamba,
without significant differences in leaf temperatures. Based on our measurements,
leaf temperature has the potential to be used as a proxy to gs, also to WUE; the
diurnal pattern of WUE was very well followed by the leaf temperature pattern, and
both traits were highly correlated (r= 0.99).

Reduced stomatal conductance under salinity stress is an important
determinant for reduced photosynthetic activity. However, other non-stomatal
photosynthesis-limiting factors might also play a role when plants face salt stress.
Chlorophyll fluorescence was used to measure the response of photosynthetic
parameters to salinity. Rapid light curves provide information on the saturation
characteristics of electron transport, as well as the overall photosynthetic
performance of a plant over a wide range of ambient light intensities (Ralph and
Gademann 2005). It was previously reported that net apparent photosynthesis
activity (An) and the internal CO2 concentration at PAR levels higher than 500 pmol
photons m™2s™" were significantly reduced in quinoa by a salt treatment of 250 mM
NaCl, while photochemical parameters, light compensation point and maximum
apparent photosynthetic quantum yield were not affected (Becker et al. 2017). In our
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experiment, @PSIl and rETR as a function of irradiance were more impacted by salt
treatment than the Fv/Fm ratio of dark-adapted leaves, but no significant differences
were found in these parameters between treatments. However, at lower light levels
in the range of 183 to 965 pmol photons m™2s™' the maximum rate of photosynthesis
was lowered (similar to the LICOR measurements by Becker et al. (2017)). In a crop
situation, most leaves are exposed to medium light levels, which means that a
stronger effect of salt (at 200 and 300 mM NaCl) on maximal the photosynthesis rate
may be experienced. Even though the @PSII was not significantly different between
treatments and varieties, it was slightly lower for selRiobamba than Pasto, and Pasto
had a higher @PSIlI under 300 mM NaCl than 200 mM NaCl. This suggests and
additional adaption of Pasto to salt stress to reduce non-photochemical quenching
at the higher salinity level. It is possible that the higher PSlII of Pasto is also related
to its lower SLA. Thicker leaves likely have a higher density of Rubisco and
chlorophyll per unit of leaf area, thus their photosynthesis rate might increase
(Terashima et al. 2011).

4.2 .Varietal differences in responses to salt stress from a resource use
perspective

The differences in morphological and physiological traits associated with the
use of water, energy and assimilates of Past and selRiobamba in response to salinity
indicate that these varieties have different strategies to cope with salt stress.

The adaptations to stress of Pasto point to a “conservative-growth” strategy
(Sade et al. 2012). Pasto had a stronger decline in SLA (~ 35%), and a higher
reduction in transpiration rate than selRiobamba. The higher WUE was associated
with less water loss, but resulted in higher reduction in biomass relative to
selRiobamba that had higher RUE and RGR. Pasto also had a high rate of Na* ion
exclusion from photosynthetically active leaves, accompanied by high K* levels.
These adaptations were more pronounced and clearly different from selRiobamba
at 300 mM NaCl. SelRiobamba on the other hand appeared to follow a more
“acquisitive-growth” strategy (Reich et al. 2003). Transpiration was reduced by
salinity but less than Pasto, while it had higher Na* and CI~ contents in the shoots.
The conservative growth response of Pasto serves to protect tissues to prolonged
and severe salinity and Pasto would therefore be better able to survive such
conditions than selRiobamba. However, under the conditions used in this study,
selRiobamba outperformed Pasto in terms of growth and yield at both salt
concentrations. SelRiobamba thus appears to be able to maintain its growth rate
better under mild or relatively short-term salt stress.
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In chapter 2, we evaluated quinoa varieties including Pasto and
selRiobamba under mild as well as severe salinity, and our results suggested that
the choice of a conservative or acquisitive growth strategy of a variety is influenced
by the severity and duration of the stress in addition to a genetic component
(Jaramillo Roman et al. 2020). The ability to adapt strategies is to some extent also
reflected in the results in this study; while at 200 mM NaCl Pasto’s transpiration rate
was similar to selRiobamba, the more severe stress changed its behaviour to a more
conservative growth strategy. Possibly, quinoa can be a facultative halophyte
because of the ability to switch from an acquisitive growth to a conservative growth
strategy when stress becomes severe and less resources are available, and Pasto
and selRiobamba differ in the salinity threshold that flips this switch. Accurate and
high-throughput phenotyping platforms like the Plantarray system are highly useful
tools to distinguish physiological differences between both strategies, and to identify
genetic variation that can be used to improve quinoa yields in a broad range of saline
environments.

4.3.Future perspectives of functional phenotyping in abiotic stress
tolerance research

Several reports have examined the influence of salt stress on physiological
parameters related to water and carbon fluxes, photosynthesis and ion contents in
quinoa. However, extrapolating data from limited time-point measurements on single
leaves (e.g. gas exchange rate, rate of net photosynthesis) to the growth cycle of a
crop is not straightforward (Harris et al. 2010; Morton et al. 2019). This study shows
the potential of the implementation of high throughput functional phenotyping in the
understanding of complex physiological responses to salt stress. The Plantarray
system is scalable, which means that a high number of plants and genotypes could
potentially be screened simultaneously. The possibility to scan entire mapping
populations opens up the possibility of identifying genetic determinants underpinning
differences in traits such as water use efficiency or the diurnal control of stomatal
conductance. The system can for instance be complemented with digital imaging
systems that monitor leaf expansion and estimate leaf area, which will produce even
more accurate measurements of stomatal conductance. In addition, the high-
resolution continuous monitoring of growth and transpiration provides valuable data
for the development and improvement of crop growth models. We used the
mechanistic crop model LINTUL to integrate several physiological processes for an
estimation of the radiation use efficiency (RUE) and to analyse the impact of salinity
on the RUE of quinoa (Sinclair and Muchow 1999; Spitters and Schapendonk 1990).
We estimated average RUE values of 5 gDW/MJ under control conditions. Previous
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studies in quinoa reported a significantly lower RUE (1.4- 1.75 gDW/MJ) (Razzaghi
et al. 2012; Ruiz and Bertero 2008). This difference may be attributed to different
growing conditions and the time of the measurements. High RUE values (3-5
gDW/MJ) are often reported in plants growing under controlled conditions due to the
high proportion of diffuse radiation inherent to glasshouses and the lower daily
incident radiation that might induce higher photosynthetic efficiency (Cabrera-
Bosquet et al. 2016). In our conditions, RUE was significantly reduced by salt stress,
which is in contrast with previous studies in which no differences in RUE were found
even with a salt treatment of 40 dS/m (Razzaghi et al. 2012). Razzaghi et al. (2012)
estimated RUE in a field trial where the average light level experienced by the leaves
is much lower. In those conditions the initial light use efficiency determines RUE. In
our conditions, where the LAl remained much lower than in a crop situation, most
leaves experienced higher light levels than in a crop. This will explain the lower
overall RUE estimated under stress conditions. Although genetic improvement of
RUE has been suggested as a way to increase yield, few studies have explored its
genetic variation, probably due to technical difficulties in the estimation of this
parameter (Cabrera-Bosquet et al. 2016). Our results suggest that using the
Plantarray system data as input for growth models may be a viable strategy for crop
improvement based on RUE. High throughput and high-resolution technologies thus
enable the dissection of plant growth and water consumption into very specific
parameters that could constitute novel targets for the improvement of abiotic stress
tolerance of crops.
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Table S1. Comparison between gs measured with a porometer in the abaxial and the adaxial side of
leaves of quinoa plants growing under control conditions (0 mM NaCl) or under salt treatment (300 mM
NaCl) at 64 DAS (35 days after the start of salt treatment). Means of 6 plants.

Variety Salt treatment gs abaxial (mmol m™2s7") gs adaxial (mmol m™%s™") ratio gs adaxial/ gs abaxial
Pasto 0 mM NaCl 185 189 1.02
300 mM NaCl 84.6 63.3 0.75
selRiobamba 0 mM NaCl 188 192 1.02
300 mM NaCl 93.3 72 0.77
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Chapter 5

Abstract

Soil salinity is a major limitation to agricultural productivity.
Improving salt tolerance of crops is not straightforward, as salt
tolerance is a complex trait. Genetic approaches can help to
understand how different traits contribute to salt tolerance and
identify the genetic loci that can be used for breeding purposes.
Quinoa is a highly salt tolerant species. Selecting and breeding
for the most productive quinoa varieties in saline conditions will
enable the expansion of this crop to different areas where soil
salinization causes crop failure. In this study, we evaluated six
commercial varieties and two F2 populations derived from the bi-
parental crosses Atlas x Red Carina and Pasto x Red Carina. A
combined genetic map containing 17 linkage groups and a total of
2029 SNPs was generated for both populations. Several
agronomical and physiological salt tolerance traits were evaluated
in field-like conditions under control and saline conditions
(treatment with 250 mM NaCl). The Pasto x Red Carina
population was more salt tolerant (average salt tolerance index 75
%), had more variation and a better segregation for all the
measured traits than the Atlas x Red Carina population.
Quantitative trait loci (QTL) analyses detected a total of 175 QTLs
for both populations and treatments with LOD values between 3.8
to 11.8 explaining from 7.5 to 57.9 % of the total genetic variance.
Many of these QTLs co-localized in specific genetic regions, such
as the lower part of LG Combi_A_LGO04 that contained QTLs for
seed yield, height, harvest index, thousand seed weight, [Na*] and
K*/Na* for Pasto x Red Carina under both control and stress
conditions. Alleles donated by Pasto for Na* exclusion, K*
retention and lower specific leaf area are likely to contribute to salt
tolerance.
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1. Introduction

Quinoa (Chenopodium quinoa) is a highly nutritious food crop that has
gained international attention due to the nutritional properties of its seeds, its high
genetic diversity and its adaptability to a wide range of harsh environments (Zurita-
Silva et al. 2014). Originating from the Andean region of South America, quinoa has
adapted to grow in diverse soils and environmental conditions, which explains its
resilience to frost, drought, a wide range of temperatures and soil salinity (Lopez-
Marqués et al. 2020). Soil salinity is a major abiotic threat to agriculture that affects
more than 6 % of the world surface and is expected to increase as a result of climate
change and poor agricultural practices (Okur and Orgen 2020). To meet this
challenge, agricultural production can benefit from the incorporation of more resilient
crops, such as quinoa, or from the improvement of the salt tolerance of the actual
major crops (Roy et al. 2014).

Quinoa can tolerate a wide range of soil salinity. It grows well at salt levels
that are detrimental for most other crops (100-200 mM NaCl), while it can also
survive salt levels equal or even higher than those of seawater (> 400 mM NaCl)
(Hinojosa et al. 2018). Previously, we demonstrated that quinoa utilizes salt
exclusion strategies (from roots and shoots) to grow under mild salinity (100-200 mM
NaCl) or short-duration stress, while accumulating and tolerating ions in tissues
enables the plants to survive severe (400 mM NaCl) and prolonged salinity (Jaramillo
Roman et al. 2020). Few studies have also evaluated the salt tolerance of quinoa
under field conditions and found that the reduction of seed yield due to salinity (EC~
20 dS/m) varied between genotypes and locations and ranged from 15 to 48 %
(Hussain et al. 2018; Pulvento et al. 2012). However, the genetics underlying the salt
tolerance mechanisms employed by quinoa remain largely unknown.

The genetic underpinning of salt tolerance traits is essential to increase the
ability of crops to maintain growth and productivity in saline soils (Roy et al. 2014).
By using genetic mapping of quantitative trait loci (QTLs) associated with desired
traits, favourable alleles can be incorporated in breeding programs through Marker-
Assisted Selection (MAS) (Yamaguchi and Blumwald 2005). While many successful
examples are reported on the use of marker-assisted breeding for traits determined
by one or only few major gene(s), much less progress is mentioned on the
application of MAS to improve abiotic stress tolerance, including salt tolerance
(Gilliham et al. 2017). Research on the physiology of salt tolerance has
demonstrated that it is a complex trait determined by a number of sub-traits and a
number of genes (Flowers 2004). Several QTLs have been reported for salinity

Page|117



Chapter 5

tolerance and related traits in most of the major crops. Selected traits include plant
survival under saline conditions, relative water content, proline content (Fan et al.
2015) and salinity-induced leaf injury (Zhou et al. 2012) in barley; shoot growth, Na*
exclusion and K* accumulation in bread wheat (Asif et al. 2018); Na* exclusion in
durum wheat (Munns et al. 2012); plant height in maize (Luo et al. 2017), and
survival, Na* and K* content in leaves and roots in rice (Lin et al. 2004). However,
very few of these QTLs have been introduced in breeding programs to improve the
salt tolerance of these crops. Some successful exemptions are the incorporation of
Na*-exclusion related TmHKT1;5 alleles through marker assisted selection that
improved the salinity tolerance of durum wheat lines (Munns et al. 2012) and the
selection of the Salfol QTL that enhanced the salt tolerance in rice through unloading
Na* from the xylem and possibly encodes for an HKT1;5 allele (Thomson et al.
2010).

Despite the agronomic potential and resilience of quinoa, it can still be
considered an underutilized and understudied crop, with relatively few active
breeding programs. Breeding efforts and the development of genetic tools are
needed to enhance our knowledge of the genetics behind the physiological variation
for salt tolerance in quinoa, and to improve the crop for several agronomical traits,
which is needed to expand and strengthen its expansion to a global scale (Gomez-
Pando et al. 2019). Genetic mapping of quinoa has been developed using AFLP
markers, array-platform markers and SNPs (Matanguihan et al. 2015). In recent
years, several drafts of its genome have been published (Jarvis et al. 2017; Yasui et
al. 2016; Zou et al. 2017), which facilitate the identification of molecular markers and
the development of molecular breeding tools towards the unravelling of quinoa’s
genetic diversity.

Here, we screened two quinoa F2 mapping populations plus six European
commercial varieties under control conditions and a salt treatment of 250 mM NaCl
(half strength seawater). The objectives of this study were to: i) investigate salt
tolerance mechanisms of commercial quinoa varieties cultivated under field-like
conditions, ii) evaluate the genetic diversity and segregation of salt tolerance traits
in the quinoa mapping populations, iii) explore the genetics underpinning salt
tolerance traits in quinoa, and iv) identify QTLs for agronomical traits and salt
tolerance ftraits that might be incorporated into breeding programs of quinoa and
possibly allow the discovery of new genes to be used for the improvement of salt
tolerance in other species.
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2. Materials and Methods

2.1.Plant materials

Six European commercial quinoa varieties were evaluated in this study. The
varieties Jessie, Dutchess, Pasto, Atlas and Red Carina were developed at Plant
Breeding, Wageningen University & Research (The Netherlands), and the variety
Titicaca was developed in the University of Copenhagen (Denmark). In addition, two
F2 mapping populations were included. The Atlas x Red Carina mapping population
(hereafter referred to as AxRC) was evaluated previously for salt tolerance traits
(Ivushkin et al. 2019a). Forty progeny lines were selected from this trial based on
contrasting responses for the salt tolerance traits Na* and K* content in the shoot,
stomatal conductance and seed yield. The second mapping population consisted of
80 F2 progeny lines from a cross between Pasto x Red Carina (hereafter referred to
as PxRC).

2.2. Experimental conditions

The experiment was conducted under a shelter with open sides at the
experimental site Nergena (51°59'46.4"N 5°39'29.4"E, Bennekom) of Unifarm,
Wageningen University & Research from April- August 2018. Light transmission of
the transparent cover was 80 %. Seeds were sown in potting soil and transplanted
to polythene bags filled with cocopeat two weeks after sowing. Each bag contained
10 plants and two bags together were considered one experimental unit (20 plants).
The plant density was 54 plants/m?, which is the density that produces a maximal
crop yield in the field. The polythene bags were placed on gutters to facilitate
drainage. The experiment consisted of 360 experimental plots and the trial was
surrounded by 120 extra plots to avoid border effects. The two mapping populations
(40 AXRC F2 lines and 80 PxRC F2 lines) were planted without replicates in two
treatments (control (without extra salt) and a salt treatment of 250 mM NaCl). In
addition, ten replicates per treatment of the six commercial varieties (Atlas, Pasto,
Red Carina, Jessie, Dutchess and Titicaca) were included. The plants were irrigated
with half-concentrated Hoagland’s nutrient solution. Salt treatment started five weeks
after sowing (3 weeks after transplanting). Salt was applied by incremental increases
of 75 mM NaCl per day until the desired salt concentration was reached, and the soil
salt concentration was monitored continuously by measuring the electrical
conductivity in the drainage collected from the gutters with a conductivity meter
(Profline Cond 315i, Xylem Analytics, Germany). Irradiance, air temperature, water
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content and Electrical Conductivity (EC) in the pots was monitored via wireless
sensors (Flower Power™).

2.3. Assessment of morphological and physiological traits

Plants were harvested at maturity; plants growing under stress conditions
were harvested 135 days after sowing (DAS) and plants growing under control
conditions 145 DAS. Seed yield and biomass of stems were measured per plot and
reported as g per m2 Thousand seed weight (TSW) was recorded using a seed
counter (Contador, Pfeuffer GmbH, Jefferson, OR, USA) and harvest index (HI) was
calculated as the ratio of dry seed weight to dry stem biomass per plot. The average
plant height per plot was measured in cm. The salt tolerance index (STI) was
calculated as the ratio of seed yield of salt-treated plants and the seed yield of control
plants. The developmental stage of the plants was monitored every three days and
the flowering time was defined as the number of DAS at which the glomeruli of at
least 50 % of the plants in a plot showed anthers.

Several physiological traits were measured at the average onset of flowering
(70 DAS), 5 weeks after the start of the salt treatment: stomatal conductance (gs),
relative water content (RWC), specific leaf area (SLA) and ion contents in leaves.
Stomatal conductance (gs) was measured on the abaxial side of the second fully
developed non-shadowed leaf using a portable leaf porometer (Decagon Devices
Inc., WA, Australia) between 9:00 and 15:00 hours on a sunny day. Relative water

(FW-DW) _ 100%, where FW is the fresh weight,
(TW-DW)

DW is the dry weight and TW is the turgid weight of an entire single young leaf.
Turgid weight was determined after the leaf was imbibed in ultrapure water (Milli-
Q®) in the dark for 12 hours. The RWC reported per plot was calculated as the
average measurement of three young leaves (from three different plants). From the
same young leaves, the specific leaf area (SLA) was calculated as the leaf area per
unit dry weight (cm?# g).

content was calculated as RWC =

lon contents in young leaves were measured 5 and 11 weeks after the start
of the salt treatment for all the plots and two more measurements were done at 2
and 8 weeks after the start of the salt treatment for the commercial varieties. lon
contents were measured using lon Chromatography as described before (Jaramillo
Roman et al. 2020). Briefly, 25 mg of dry sample were turn into ashes in a furnace
at 550 °C for 5 h. Ashes were dissolved in 1 mL 3M formic acid at constant shaking
of 500 rpm for 15 min at 99 °C. The dissolved ashes were 400 x diluted with Milli-
Q® water and injected on the IC column. lon contents were calculated as the amount
of ions per unit of dry weight (mg ion/ g dry mass) and the ion concentrations were
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estimated considering the water content of the tissue based on the difference
between fresh and dry weights.

2.4.Genotyping of mapping populations and genetic linkage map
construction

A genetic DNA marker map was previously constructed for the F2 population
AxRC. The DNA markers are bi-allelic "context" markers, using read counts of the
phased alleles of the parents on a consecutive stretch on the assembly of up to 500
SNVs (usually SNPs, but INDELS are also used) (Jarvis et al. 2017).

For the PxRC population, total genomic DNA was extracted from 30 mg of
freeze-dried leaf tissue, collected from a mixture of 20 F3 plantlets per genotype
using a CTAB based protocol as previously described (Doyle 1991). The quality of
the extracted DNA from the 80 PxRC lines was evaluated with agarose gel
electrophoresis and quantified using NanoDrop™ One (Thermo Scientific, Madison,
USA) and Qubit™ Fluorometric Quantitation (Invitrogen, Carlsbad, USA).

The genotyping of the mapping population PxRC was performed using
Single primer enrichment technology (SPET) (Tecan Genomics, San Carlos, CA,
USA). Genome assemblies and sequence data from Chenopodium quinoa
deposited at NCBI under the BioProject code PRINA306026 (Jarvis et al. 2017) and
the polymorphisms found from 40X resequencing of Atlas and Red Carina were used
to define a panel of 6357 unique SNP targets. For each potential target SNP position,
two SPET primers were designed of 40 nt that were unique in the genome using the
customized probe design by Tecan Genomics (San Carlos, USA). An overview of
the main steps of the SPET is shown in Figure 1. The sequencing of the libraries
was performed with lllumina MiSeq™ (2x300 bp read lengths) (lllumina Inc., San
Diego, CA, USA). The average read size was 430 bp, and the adaptor sequences
were removed using Trimmomatic (Bolger et al. 2014). Sequencing reads were
mapped to the reference quinoa genome (Jarvis et al. 2017) using the Burrows-
Wheeler Aligner (BWMA-MEM algorithm) (Li and Durbin 2009). SNPs were called in
the parents from a file containing the probe target sequences of the 80 PxRC lines
merged using the SAMtools software package (Li 2011; Li et al. 2009). SNPs were
selected when homozygous and polymorphic in the parents (allele 1 frequency > 95
% and < 5 % for allele 2) and when the hypothetical heterozygous F1, constructed
by merging all mapped reads of the 80 F2-genotypes, had allelic frequency between
20 and 80 %. Allele frequencies were calculated per genotype and genotype marker
scores were assigned. An allele frequency >0.9 was assigned as a (homozygous
Pasto), <0.1 as b (homozygous Red Carina), and in between as h (heterozygous).
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A genetic map of the PxRC population was constructed using regression
mapping and the Kosambi’s mapping function of JoinMap® 5.0 (Kyazma,
Wageningen, The Netherlands). Regression mapping was performed using a
recombination frequency of less than 0.49 and a LOD value larger than 1.0. The chi-
square goodness of fit threshold (x?) was set at 12. A total of 1359 SNPs distributed
over 227 scaffolds (from the PacBio/Bionano/Dovetail assembly in Jarvis et al. 2017)
were identified for the PxXRC population, from which 1231 markers were mapped into
32 linkage groups. Finally, a novel joined map combining the maps of the AXxRC and
PxRC populations was constructed using JoinMap® 5.0 (Kyazma, Wageningen, The
Netherlands). For this purpose, anchor markers were selected (markers present on
both maps and found in the same scaffold and maximally 200 kbp apart on the
reference genome). The novel combined map contained 17 linkage groups (while 18
chromosomes are present) and some residual parts of the two maps that could not
be combined, and a total of 2029 SNPs.
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Figure 1. Schematic representation of the Single Primer Enrichment Technology (SPET).
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2.5.QTL mapping

Quantitative trait locus analysis was performed with MapQTL® 6 (Kyazma,
Wageningen, The Netherlands) using the Restricted MQM mapping function. The
threshold for the detection of a QTL was a LOD value of 4.0, which was determined
based on a test of 10000 permutations (Van Ooijen 2009). Cofactors were added in
the vicinity of the QTL to increase the power of detection of QTLs. To avoid
overfitting, the percentage variance explained by each QTL model was not higher
than the h?of the corresponding trait in the respective population. One-LOD and two-
LOD support intervals were determined to indicate the uncertainty of the position of
the QTL. The localization of the QTLs in the genetic maps were depicted using
MapChart® (Voorrips 2002).

2.6. Statistical analysis

The trial was performed following a standard augmented design. The
mapping populations were sown in non-replicated plots, while the commercial
varieties were sown in ten replicated plots per treatment. Equal variances were
assumed for the whole trial, so the residual variance from the varieties was used as
an estimate of the residual variance of the populations. General analyses of variance
(ANOVA) were performed to determine the significance of genotypic differences, salt
treatment differences and their interactions (p <0.05). Narrow sense heritability (h?)
was calculated as: h? = Zsz = % x 100 %, where o, is the genetic
variance, g, is the total phenotypic variance in each mapping population and o2 is
the residual variance determined from the ANOVA for each trait. Multiple comparison
analyses were performed using Fisher’s protected least significant difference (LSD)
test on varietal means. Inter-relationships between agronomical and physiological
traits were analysed by means of Pearson correlations. All statistical analyses were
performed using the software Genstat 19th Edition (VSN International Hemel
Hempstead, UK). Principal component analysis (PCA) was used as a multivariate
analysis tool to understand the interrelationship between genotypes and traits. PCAs

were performed using the prcomp() function in R (R 2019).
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3. Results

3.1. Evaluation of salt tolerance traits in quinoa commercial varieties under
field-grown conditions

Six European quinoa commercial varieties were evaluated for agronomical
and salt tolerance-related traits in field-grown conditions under a salt treatment of
250 mM NaCl. The commercial varieties evaluated in this study displayed high
diversity for seed yield (Figure 2A). Two main groups could be distinguished. Atlas,
Dutchess and Red Carina were the tallest varieties in the experiment (Figure 2B),
with an average high seed yield of 614 g/m? and Jessie, Pasto, Titicaca formed a
second group of shorter varieties with a lower seed yield (average 347 g/m?). The
seed yield of Pasto and Titicaca was hardly affected by the 250 mM NaCl salt
treatment. The yields of the other varieties were more affected by salt, with the
highest salinity-induced seed yield reduction of 39 % for Jessie (Figure 2A). The
height of all the varieties was significantly reduced by salt, by on average 30 %
(Figure 2B). The least affected agronomical trait evaluated in this study was the
harvest index that was reduced only on average by 7 % under saline conditions, with
no significant differences between treatments for Pasto and Titicaca (Figure 2C).
The thousand seed weight (TSW) was also hardly affected by salinity; the most-
affected variety was Jessie (33 % reduction), while no salt effect was observed in
the TSW of Red Carina and Titicaca (Figure 2D). The phenological development of
the plants was monitored throughout the season; flowering time was only
significantly delayed in the variety Atlas and not affected in the other varieties (Figure
3A).

Several physiological traits that may contribute to salt tolerance were
evaluated to better understand the responses of quinoa to salt stress and the
variation between varieties. The stomatal conductance (gs), measured after five
weeks of salt treatment, was reduced by on average 30 % without significant
differences between varieties (Figure 3B). Leaf relative water content (RWC) was
also significantly reduced in all the varieties, with the lowest reduction observed in
the most tolerant varieties Pasto (8 % reduction) and Titicaca (10 % reduction)
(Figure 3C). The specific leaf area (SLA) was increased by salinity in Atlas, Jessie
and Red Carina, but not significantly affected by salt in Dutchess, Pasto and Titicaca
(Figure 3D). The chlorophyll content in leaves was similar for most of the varieties in
both treatments, except for Pasto in which it was significantly increased by salt, and
Jessie, in which it was significantly reduced (Figure 3E). The maximum quantum
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yield of PSII (Fv/Fm), a measure of the initial light use efficiency of leaves, was not
affected by the salt treatment (Figure 3F).
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Figure 2. Agronomical traits of six commercial quinoa varieties growing at 0 and 250 mM NaCl. A) Seed
yield. B) Plant height. C) Harvest Index. D) Thousand seed weight. Means of 10 plots. Error bars indicate
SE of individual means. Statistically significant differences (p < 0.05) between treatments (for each variety)
are shown with different letters.
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lon contents in young leaves were monitored throughout the growing season
(Figure 4). Two weeks after the application of salt, Na* content in the leaves was
increased in the salt-stressed plants compared to the controls but after five weeks
of salinity it decreased compared to the first time point to 70 mM on average,
considerably lower than the level of Na* in the root medium (250 mM). At this time
point, which corresponds to the onset of flowering of the plants, [Na*] was only
significantly higher under salt conditions compared to control in the leaves of Jessie
and Titicaca, pointing to strong Na* exclusion. Eight weeks after stress, however,
the average [Na*] in young leaves had strongly increased to 390 mM on average,
considerably higher than the concentration in the root medium. The last measuring
time was 11 weeks after the start of the stress where [Na*] was higher than at the
previous time point for Atlas, Dutchess and Red Carina; but not for Jessie, Pasto
and Titicaca. Significant differences were found in the [Na*] between varieties at all
time points, especially for Pasto. This variety had the lowest [Na*] throughout the
whole season; during flowering time the concentration of Na* was of 47 mM,
compared to a concentration of 41 mM under control conditions. The highest
concentration measured for Pasto was 230 mM, eight weeks after the start of the
salt treatment, still lower than the [Na*] in the root medium. The concentration of K*
in young leaves was not significantly different between salt-treated and control plants
in most of the varieties and measured time points. The general pattern observed for
this ion was an increase in its concentration through the time until the last time point
(close to maturity) when the concentration dropped, possibly due to a re-localization
of assimilates and K* towards seed filling.

[CI7] in young leaves was significantly higher in stressed plants compared to
the controls. Two weeks after the start of the treatment, the average [Cl-] was 220
mM. The lowest concentration in the season was also measured at the onset of
flowering, but it was still considerably higher than the controls, and higher than [Na*].
At the last measured timepoint (11 weeks after the start of the stress) the CI- content
was lower than at eight weeks after stress in all the varieties, except Dutchess.

The K¥%Na* ratio in young leaves was reduced by salinity in most timepoints
for most varieties, except for Atlas, Dutchess, Pasto and Red Carina at the onset of
flowering (5 weeks after stress), where not significant differences were found
between treatments. Pasto had the highest Ki/Na* in salt stressed plants throughout
the whole growing period.
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3.2. Genetic diversity for salt tolerance traits in the mapping populations

High variation in seed yields was observed for all the evaluated genotypes
of the mapping population (Figure 5). Seed yields ranged from 136 to 889 g/m? under
control conditions and from 120 to 660 g/m? under saline conditions (Table 1). Clear
differences were observed between the two mapping populations (AXRC and PxRC).
Higher yields were measured in genotypes from the AXRC population, while the
PxRC population had lower yields but higher salt tolerance. In fact, some PxRC
genotypes (above the dotted line in Figure 5) even performed better under salt
conditions compared to control.
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Figure 5. Overall distribution of genotypes based on their seed yields under control (0 mM NaCl) and
stress (250 mM NaCl) conditions. On the x-axis seed yields under control conditions are depicted, and on
the y-axis the seed yields under stress conditions. Genotypes above the dotted line had a better
performance under stress conditions compared to control.
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For both populations, we evaluated several agronomical parameters and
traits that may contribute to salt tolerance. The parental mean values, summary
statistics for the mapping populations and narrow sense heritability for each trait are
presented in Table 1. Frequency distributions are displayed in Figures 6, 7 and 8.
For all the analysed traits, the populations followed a continuous distribution
representing a normal phenotypic segregation suitable for QTL mapping. For all the
traits the segregation was transgressive, meaning that a number of genotypes
exceeded the trait parental values.

The frequency distributions for agronomical traits are depicted in Figure 6A-
H. In general, a wider segregation of most of the agronomical traits was observed in
the progeny of PxRC compared to AxRC, in line with the more contrasting parental
values between Pasto and Red Carina compared to Atlas and Red Carina. Seed
yield and plant height of the populations partially overlapped for both treatments, and
higher yields and heights were observed for AXRC (Figure 6A-D). Harvest index was
the least affected agronomical trait by salinity for both populations; on average 27 %
and 25 % of assimilates were relocated into seed under control and stress
conditions, respectively (Figure E, F). Thousand seed weight showed a higher
variation in the PxRC than the AXRC progeny, but on average, the salt treatment
reduced TSW by 20 % in both populations (Figure 6 G, H). The impact of salinity on
flowering time was more noticeable in the populations compared to the varieties;
some genotypes of the PxRC population even needed up to 75 days to start
flowering (from an average of 55 days in this population) (Figure 7A, D). The specific
leaf area was not significantly affected by salinity in most of the PxRC genotypes,
while in the AxRC population salinity increased SLA (Figure 7B, E). In both
populations, relative water content decreased from 80 % on average under control
conditions to 70 % on average under salt treatment (Figure 7C, F). Stomatal
conductance showed a wide variation in both treatments and populations, but it was
reduced by salinity by on average 30 % in AXRC and 40 % in PxRC (Figure 7G, J).
Chlorophyll content was slightly increased by salinity in PXRC and hardly affected in
AxRC (Figure 7H, K). The maximum quantum yield of PSII (Fv/Fm) was not affected
by salinity in both populations (Figure 71, L).

The ion contents in young leaves were measured in both mapping
populations at two time points: at the onset of flowering (5 weeks after the start of
salt stress) and towards maturity (11 weeks after the start of the treatment) (Figure
8A-P). At the first timepoint, [Na*] in leaves was just slightly increased by salinity
from on average 40 mM under control to 55 mM under stress. However, 11 weeks
after salinity, [Na*] in all the genotypes was considerably higher in stressed plants
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compared to controls and higher in the AxRC population (average 531 mM)
compared to PxRC (average 390 mM) (Figure 8A-D). Five weeks after stress, [K*]
in young leaves was higher under stress conditions compared to control, while its
concentration was not significantly affected by salinity after 11 weeks of stress.
Differences between populations were clearer at the second timepoint than at the
first one; the average [K*] was higher in PxRC (260 mM) than in AxRC (220 mM)
(Figure 8E-H). No significant differences were found at flowering time for the K*/Na*
ratios between treatments for both mapping populations (Figure 81-J). However, after
11 weeks of stress K*/Na* under salinity was significantly lower than under control
conditions (Figure 8K-L). The leaf [CI"] was already significantly increased after 5
weeks of salt treatment in stressed plants of both populations (157 mM on average)
(Figure 8M-N). Towards maturity, [CI"] reached on average 491 mM in AXxRC and
386 mM in PxRC (Figure 80, P).

Narrow sense heritability estimates (h?) for all the measured traits in both
populations and salt concentrations are presented in Table 1. In general,
heritabilities for the progeny of PxRC were higher than for AXRC, which is likely
caused by the larger size of the first population. The h? for agronomical traits were
high, especially for PXRC (63 % < h? < 89 %). In contrast, physiological traits had
lower h? and for some traits, such as chlorophyll content, gs and Fv/Fm, it was not
possible to estimate a genetic component, possibly due to the limited genetic
variation of these traits within the populations and, particularly for gs, due to the
sensitivity of this measurement to environmental variation. While the h? for the ion
contents at the onset of flowering were low, higher h? were found for ion contents at
maturity, particularly for the progeny of PxRC under salinity (53 % < h2< 71 %).
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Table 1. Parental mean values, summary statistics and narrow-sense heritability for all the traits
measured in the parents and mapping populations growing at 0 and 250 mM NacCl.
Control (0 mM NaCl)
Mean Range h?

Trait Abbreviation| Atlas Pasto RC AxRC PxRC AxRC PxRC AxRC PxRC
Seed yield (g/m?) Y_C 622 347 638 657 546 375-888  136-792 | 63.6 65.5
Harvest Index (%) HI_C 30.2 22.4 315 29.7 27.3 20.6-34.2 7.6-34.0 3.9 68.3
Thousand-seed weight (g) TSW_C 2.4 2.7 2.1 2.5 2.5 1.9-2.8 1.7-3.2 36.9 78.4
Height (cm) H_C 106 82.3 133 117 109 95-135 75-140 19.0 70.1
Days to flowering F_C 56.2 52.5 59.0 55.7 53.4 49.2-60.8 46-65 34.4 38.7
Specific leaf area (cm?/g) SLA_C 201 181 202 185 179 144-228 140-225 42.4 36.0
Relative water content (%) RWC_C 84.8 84.1 80.1 82.5 81.5 70.2-93.6  68.2-94.7 43.0 39.5
Chlorophyll content SPAD_C 58.3 65.9 53.4 53.7 59.2 41.4-69.4 39.8-78.1 0.0 0.0
Stomatal conductance (mmol/m2s) gs_C 233 215 205 217 242 99-399 106-406 0.0 0.0
Fv/Fm FVYM_C 0.82 0.83 0.82 0.82 0.82 0.77-0.86  0.78-0.85 60.1 72.5
[Na*] leaves (mM) W5 Na_5_C 50.0 50.6 47.5 41.6 42.6 29.3-54.7 24.3-61.3 0.0 24.1
[K*] leaves (mM) W5 K_5_C 181 223 176 178 191 140-218 125-278 14.6 713
[CI7] leaves (mM) W5 Ccl_5_¢C 12.1 12.6 8.0 13.4 8.9 5.4-24.6 0.9-19.5 43.6 26.9
K*/Na* leaves W5 KNa_5_C 6.4 7.5 6.3 7.5 7.9 5.0-12.0 4.5-17.6 33.2 55.9
[Na*] leaves (mM) W11 Na_11_C 50.3 57.4 43.2 45.5 46.9 27.8-77.8  17.2-77.7 0.0 28.2
[K*] leaves (mM) W11 K_11_C 281 244 210 214 224 121-288 141-371 245 48.0
[CI] leaves (mM) W11 c_11.¢ 35.7 21.2 20.3 27.3 18.6 | 12.8-50.4  7.3-38.8 42.7 0.0
K*/Na* leaves W11 KNa_11 C 9.6 7.4 8.4 8.3 8.5 4.8-12.1 4.3-16.4 0.0 25.4
Stress (250 mM Nacl)

Mean Range h?

Trait Abbreviation| Atlas Pasto RC AxRC PxRC AxRC PxRC AxRC PxRC
Seed yield (g/m?) Y_S 459 319 433 453 407 187-660 120-659 69.5 70.5
Harvest Index (%) HI_S 26.5 225 29.2 25.9 25.6 17.8-61.5 14.0-34.1 75.9 89.5
Thousand-seed weight (g) TSW_S 1.9 2.2 2.0 2.0 2.1 1.4-2.7 1.2-2.7 47.4 63.1
Height (cm) H_S 78.1 56.1 89 81.4 76.7 64-98 40-115 30.2 77.9
Days to flowering FS 58.8 50.9 60.8 60.3 55.6 49.2-68.7  45.7-74.6 54.5 80.6
Specific leaf area (cm?/g) SLA_S 246 173 224 210 178 160-266 137-226 26.3 8.2
Relative water content (%) RWC_S 72.4 70.9 72.1 723 71.9 56.1-92.8  54.9-93.3 0.0 7.4
Chlorophyll content SPAD_S 57.5 75 50.9 60.2 66.4 46.7-72.8  39.9-83.3 0.0 41.9
Stomatal conductance (mmol/m?s) gs_S 158 142 149 147 148 77.9-248 91.4-220 9.9 0.0
Fv/Fm FVM_S 0.81 0.82 0.81 0.81 0.82 0.76-0.84  0.76-0.86 0.0 0.0
[Na*] leaves (mM) W5 Na_5_S 52.6 65.6 71.7 57.9 66.7 37.8-92.5 25.0-111 0.0 0.0
[K*] leaves (mM) W5 K.5.S 237 247 219 227 214 183-288  158-300 0.0 29.8
[CI7] leaves (mM) W5 Cl_5_S 187 171 146 168 146 102-229 87.7-229 0.0 233
K*/Na* leaves W5 KNa_5_S 7.8 6.7 5.6 6.9 5.9 3.8-12.0 2.9-16.4 0.0 316
[Na*] leaves (mM) W1l Na_11_S 480 186 558 531 391 270-875  84.8-699 | 63.4 71.4
[K*] leaves (mM) W11 K_11_S 280 373 205 221 263 153-323 173-438 44.1 60.6
[CI7] leaves (mM) W11 Cl_11.s 436 315 427 491 386 275-789 180-627 66.3 72.6
K*/Na* leaves W11 KNa_11_S 1.1 3.6 0.6 0.7 1.3 0.3-1.4 0.4-4.5 0.0 53.7
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Figure 6. Frequency distributions of genotype values for agronomical traits of both mapping populations
growing at 0 and 250 mM NaCl. Units of the y-axis denote the number of genotypes. Dotted lines represent
the average values of the populations in both treatments. A) Plant height population PxRC. B) Plant height
population AXRC. C) Seed yield PxRC. D) Seed yield AxRC. E) Harvest Index PxRC. F) Harvest Index
AxRC. G) Thousand seed weight PxRC. H) Thousand seed weight AXRC.
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Figure 8. Frequency distributions of genotype values for the ion contents in young leaves of both mapping
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3.3.Relationships between traits and salt tolerance in quinoa

A multivariate analysis (PCA) was done to further characterize genotypic
differences for salt tolerance within the populations and to discover the relationships
between the analysed traits (Figure 9). The first principal component accounted for
32 % of the total variation and the traits that contributed the most to PC1 were [Na*]
and [CI7] with an opposite direction to K*/Na* and [K*]. The second component,
accounting for 15 % of the total variation, resolved genotypes based on seed yield,
STI, SLA and SPAD. The PCA distinguished the two mapping populations from each
other. The population AXRC was grouped on the left side of the plot with higher Na*
and CI™ contents and a higher SLA; the parents Atlas and Red Carina were included
in this group. Pasto, which was positioned on the right side of the biplot pulled the
PxRC population more to the right side of the biplot, and these genotypes were
grouped with a higher STI, higher chlorophyll content and K* content. The positioning
of the parents in the biplot, Atlas and Red Carina on the opposite side of Pasto, might
be associated with contrasting salt tolerance strategies between these varieties, and
the distinct distribution of the progeny of the populations AXRC and PxRC in the
biplot might be explained by the segregation of the traits that relate to these
strategies.
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Figure 9. Principal component biplot displaying the variation in performance under stress conditions and
salt tolerance sub-traits within the mapping populations and the commercial varieties. Genotypes are
indicated as dots and traits as red vectors.
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Correlation analyses were performed to understand the relationships
between traits within each mapping population (Figures 10 and 11). For PxRC, the
agronomical traits measured under salt stress (seed yield, TSW, HI and STI) had a
significant positive correlation with the Na* and CI~ contents and a negative
correlation with the K*/ Na* ratio measured at maturity (11 weeks after stress).
Flowering time was negatively correlated with the Na*, K* and CI~ contents. In
addition, the SLA had a positive correlation with RWC, Fv/Fm, K* and CI™ at the
onset of flowering. The ion concentrations at the onset of flowering did not correlate
with the ion contents at maturity (Figure 10).

Correlations were different in the progeny of AXRC. The ion contents at
maturity were strongly positive correlated with those at the onset of flowering. The
SLA was positively correlated with plant height and the K*/ Na* ratio, and negatively
correlated with [CI7], [Na*], gs, RWC and SPAD. For this population, the correlations
between agronomical traits and ion contents were weaker: STl and TSW were
negatively correlated with [CI7], and seed yield had a negative correlation with [K*]
and the K*/ Na* ratio (Figure 11).
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3.4.Quantitative trait loci (QTL) mapping of salt tolerance traits

QTL analysis was performed to explore the genetic background of the main
agronomical and salt tolerance traits measured in this study. Putative QTLs were
found for all the evaluated traits, except chlorophyll content in PxRC, for both salt
treatments and are shown in Figures 12 and 13 and listed in Supplementary Tables
1 and 2. Most of the traits showed a polygenic inheritance; 2-6 QTLs were identified
for each trait. QTLs were identified with LOD values from 3.8-11.8 explaining from
7.5 to 57.9 of the total genetic variance. On average, the 1-LOD and 2-LOD
supporting intervals spanned genetic distances of 5 and 8 cM, respectively.

Two QTLs for seed yield were identified under control conditions and three
under 250 mM NaCl for each mapping population in the linkage groups 1, 2, 3, 4, 8,
10, 11, 16. These QTLs had LOD values from 3.8 to 7.4 and explained from 11.8 to
37.1 % of the total genetic variance. Most of the additive effects for this trait were
donated by Atlas or Pasto, not Red Carina. For thousand seed weight, one QTL was
found in AXRC for each treatment (on LG 3 under control conditions and LG 10 under
salinity) with a LOD value of 5 and 4.3 and explaining 36 and 31 % of the total
variance, respectively. For PxRC TSW, 2 QTLs were found under control conditions
and 5 under salinity. Several QTLs were found for plant height in both populations
and treatments with high LOD values (4.0-11.3) and explaining a substantial amount
of the total genetic variance (10.9- 40 %). Similarly, multiple QTLs were found for HI
and flowering time. For salt tolerance index, one QTL was found for AXRC explaining
33 % of the total genotypic variance with a favourable allele from Atlas and three
QTLs for PxRC with alleles donated by Pasto. For the rest of the traits (gs, SLA,
RWC and chlorophyll content), alleles from both parents contributed to the observed
genetic variation. Less QTLs were found in AXRC compared to PxRC, but most of
them explained higher genotypic variances. A comparison of the heritabilities with
the total genetic variances explained by the QTL model for each trait is depicted in
Supplementary Figure 1. Stomatal conductance is a trait highly affected by the
environment (VPD, humidity, light). The effect of environmental noise in gs
measurements prevented the calculation of a genetic component for this trait (h?was
0 for both populations and treatments). Nevertheless, a few QTLs were identified for
gs, which could reflect genetic determinants found by the QTL model that could not
be accounted for in the h? calculation, or could be one of the cases in which
overfitting could not be prevented.
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Figure 13. Continued
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Several QTLs were identified for all the ion content measurements. For most
of the ion contents, alleles from both parents contributed to the genetic variance. Of
particular interest are the QTLs identified for leaf-[Na*] 11 weeks after start of stress,
for which the large negative additive effects of the QTLs found in PxRC point to
alleles related to Na* exclusion donated by Pasto. Similarly, alleles coming from
Pasto appeared to contribute to the genetic variation explained by QTLs for K* and
leaf K*/Na* found in PxRC.

To further analyse the distribution of the QTLs on the genome of quinoa, we
identified several genetic regions that are of special interest (squares in Figures 12
and 13). Some of these regions accumulated QTLs for several traits, and might
constitute interesting breeding targets that warrant further exploration. Under salt
stress conditions, genetic regions of interest were: 1) region 3, located in the upper
part of linkage group Combi_A_LG02; this region contained QTLs for yield, HI, TSW,
[K*] and K*/Na* in AxRC; 2) region 8, located in the lower part of linkage group
Combi_A _LGO04, containing QTLs for yield, height, HI, TSW, [Na*] and K*/Na* in
PxRC; 3) region 17 in the upper part of linkage group Combi_A_LG10, containing
QTLs for gs, [Na*] and K*/Na* in PxRC; 4) region 26 located in the lower part of
linkage group Combi_B_LG16 containing QTLs for yield, height, HI, flowering, SLA,
[K*] and K*/Na* in AXxRC.. Regions accumulating multi-trait QTLs were also identified
under control conditions; for instance, region 8 contained QTLs for height, flowering,
HI and [K*] in PxRC, and region 28 (lower part LG Combi_B_LG17) contained QTLs
for flowering, SLA, chlorophyll content, [K*] and K*/Na* in AXxRC and TSW and
K*/Na* in PxRC.

4. Discussion

Quinoa is known for its high salt tolerance (Adolf et al. 2013; Hariadi et al.
2011; Jaramillo Roman et al. 2020). By evaluating the growth and yield performance
of quinoa varieties and mapping populations in field-like conditions under a salt
treatment of 250 mM NaCl (half strength seawater, which is considered severe salt
stress level for most crops, but is only a moderate stress level for quinoa), we were
able to characterize traits that contribute to the salt tolerance of quinoa under
conditions that are comparable to field cultivation. Genetic variation was found for
agronomical performance and for most of the assessed salt tolerance traits. The salt
tolerance of the varieties based on seed yield ranged from 68 to 92 %. The salt
tolerance of the parents of the populations were 74, 92 and 69 % for Atlas, Pasto
and Red Carina, respectively. The average salt tolerance was 67 % for the mapping
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population AXRC and 75 % for the PxRC. This indeed confirms the high salt
tolerance of quinoa in general, and of the material used in this study in particular.

For a wide range of (mostly glycophytic) species, salt tolerance to moderate
saline environments is linked to the ability of the plant to exclude Na* from
photosynthetically active tissues (Munns 2005). High concentrations of Na* in the
tissues (especially leaves) can cause a range of osmotic and metabolic disturbances
in plants (Tester and Davenport 2003). In this study, the Na* content in the leaves
was barely increased after 5 weeks of salinity compared to control conditions
(average 44 mM and 67 mM at 0 and 250 mM NaCl treatment, respectively). The
low concentrations of Na® measured at this time point to an extraordinary capacity
of quinoa to exclude Na* from the leaves. Based on recent calculations of the amount
of ions that need to be excluded to maintain osmotic adjustment (Munns et al.
2020b), the exclusion of Na* observed in this study should be higher than 99 %,
which is much higher than in many other reported plant species. Towards the end of
the growing cycle, [Na*] accumulated in the leaves (average 45 mM and 422 mM, at
0 and 250 mM NaCl, respectively). Pasto had the lowest levels of Na* compared to
the other varieties throughout the entire cycle. This was also reflected in the
populations: [Na'] in the leaves of PxXRC was on average lower than in AXRC (391
mM in PxRC and 520 mM in AxRC). In a number of other species, Na* accumulation
in the shoot was shown to be under strict genetic control with most of its genetic
variation attributable to additive effects (Flowers 2004). Quinoa in our experiment
was no exception; Na* content in the leaves at 11 weeks after start of the stress
showed rather high levels of heritability (63 % and 71 % for AXRC and PxRC,
respectively), and several QTLs were identified for [Na*] that explained 60 % of the
genetic variation of each population. In particular, the QTLs identified in PxRC had
large negative additive effects, pointing to alleles donated from Pasto possibly
underpinning transporters of regulators associated to the high Na* exclusion from
the shoot measured in this variety.

After 5 weeks of stress, the average [K'] in salt stressed plants was 20 %
higher than in control plants. [K*] in leaves was not significantly different between
treatments for most of the evaluated genotypes, with the exception of Pasto, for
which [K*] concentration was 53 % increased by the salt treatment. Differences in
[K*] were also found between the populations; PxRC had a higher leaf [K*] than
AxRC. It has been reported that a distinctive response of quinoa to saline
environments is its unique capacity to maintain or even increase K* levels in the
shoots (Hariadi et al. 2011; Jaramillo Roman et al. 2020; Schmdckel et al. 2017). For

Page|148



Genetic dissection of salt tolerance traits

the same quinoa varieties, we previously observed that severe salt stress (400 mM
NaCl or higher) actively increased the [K*] in the shoot to levels considerably higher
than the controls (Jaramillo Roman et al. 2020). The active increase of K* seems to
be a survival mechanism of quinoa to severe and prolonged stress, while K*
retention (as observed in this experiment) might be the preferred mechanism at mild
or short-duration stress. These differences might be related with the high metabolic
costs of selecting and transporting K* in the plants from a growing medium that has
a high concentration of Na* ions (Rubio et al. 2020). Despite the ability of quinoa to
retain K*, leaf [K*] segregated in both populations and wide genetic diversity was
observed for this trait to which multiple QTLs contributed. In PxRC, [K*] had a
positive correlation with seed yield and salt tolerance, while in AXRC it was negatively
correlated with seed yield. This demonstrates that the populations used different
strategies in response to salinity. The QTLs identified for PxRC had large positive
additive effects pointing to alleles donated by Pasto, possibly associated with the
higher [K*] and a strategy that prioritizes survival that characterizes this variety
(Chapter 2 and 4).

The K*/Na* ratio in young leaves was not significantly reduced for the
commercial varieties or the mapping populations in the first five weeks of salt
treatment. Towards maturity, the accumulation of Na* in the shoot with no further
increase of K* resulted in a significantly reduced K*/Na* ratio in salt-stressed plants,
except for Pasto, which maintained a relatively high K*/Na* ratio (3.6 after 11 weeks
of salt stress). Reports in several species demonstrate that the K*/Na* ratio is
heritable, and might be controlled by several genes (Cuartero et al. 2006; Maathuis
and Amtmann 1999). In our study, the average h? for the leaf K*/Na* ratio under
stress for both timepoints and populations was low (30 %). In spite of this, several
QTLs were found for K*/Na* under salinity that explained up to 40 % of the genetic
variance. As can be expected, most of these QTLs co-localized with QTLs for K*
(genetic region 16 for PxRC, and 26 for AXRC), Na* (genetic regions 8 and 17 for
PxRC, and 6 for AXRC) or both ions (genetic region 3 for PxRC). QTLs for Na*, K*
and/or K*/Na" ratio were also found in the same genetic regions for both populations
(genetic regions 3 and 6) and in both treatments (regions 6 and 8). The co-
localization of these QTLs indicates that Na* and K* homeostasis is linked. In most
plant species, Na* and K* are negatively correlated. In quinoa, especially at high salt
concentrations, K* is positively correlated with Na*, which makes this an exceptional
trait that may contribute to its resilience. We identified genetic regions in the genome
with one or more genes controlling ion transport or ion homeostasis in quinoa. As an
example, genetic region 3 (upper part LG Combi_A_LGO02) contains a QTL with a

Page|149



Chapter 5

strong negative additive value for Na* and QTLs with positive additive values for K*
and K*/Na* in PxRC. It is possible that this region contains one or more alleles
donated by Pasto that might contribute to a phenotype with low Na* content, high K*
retention, and consequently high K*/Na* ratio.

In contrast to Na*, CI~ concentration in leaves increased strongly from early
stages in the growth cycle in salt-stressed quinoa plants. At the onset of flowering,
the average [CI7] was 189 mM under salinity and it reached 313 mM towards
maturity. CI~ could serve as a cheap osmolyte for osmotic adjustment and later in
the season, when the concentration of Na* rises, it might have an additional function
to balance electrical charge of monovalent positive ions (Na* and K*) (Teakle and
Tyerman 2010). Some genotypes of the populations reached much higher levels of
CI~ compared to the varieties, and the average [CIl] was higher in the progeny of
AXRC (490 mM) compared to PxRC (380 mM). The [CIT] in PXxRC was positively
correlated to seed yield, HI, TSW, suggesting that some genotypes from PxRC with
higher CI- contents in the shoots may have allocated resources more effectively to
seeds (higher seed yield, HI, TSW). AXRC showed higher concentrations of ClI- in
the leaves, but for this population [CI-] was negatively correlated to STI, TSW,
flowering and gs. It is possible, that accumulating CI~ might be a useful salt stress
response for quinoa until a certain threshold, while above that level the toxicity of CI
or the metabolic cost of compartmentalization of this ion might restrict the growth
and performance of the plants. Although CI- was strongly correlated to Na*, the latter
did not correlate with agronomical traits in AXRC; possibly the impact of CI- on the
plant performance of AxRC is independent of the accumulation of Na*. Similar to
reports from other species (Flowers 2004 ), we found high heritabilities for [CI"] under
salinity (66 % and 72 % for AXRC and PxRC, respectively) and we identified several
QTLs explaining from 17 to 31 % of the total genetic variance. In agreement with the
correlation patterns found in this study, QTLs for CI- under salinity colocalized with
QTLs for other traits. The genetic region 8 (Figure13) appears to be a hotspot for
QTLs in PxRC that deserves further exploration. This region contains QTLs for Na*,
Cl-, K*/Na*, gs, plant height, yield and harvest index. Alleles donated by Pasto in this
region appear to contribute to lower Na* and CI- contents, and higher K*/Na*, gs and
plant height while alleles donated by Red Carina might point to higher yield and
harvest index. This region might be an interesting breeding target to for improvement
of salt tolerance. It remains to be established whether the colocalization of these
QTLs point to several tightly-linked genes clustering in the same genetic regions, or
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pleiotropic effects of a gene influencing several traits that results in a particular salt
stress response phenotype.

Stomatal closure is a common water management strategy under salinity
that at the same time decreases the transport rate of ions towards the leaves
(Shabala 2013). Up to a certain threshold, a reduction in stomatal conductance may
have an adaptive advantage under saline conditions, saving water, thus improving
plant water use efficiency (Chaves et al. 2009). Research has been done to define
the threshold below which gs limits photosynthesis; even though this parameter is
highly influenced by environmental factors (e.g. VPD) and varies considerably
between species, a gs close to 150 mmol/m?s has been proposed as the minimum
gs that does not impair C3 photosynthesis (Medrano et al. 2002). The average gs
under salinity in this study was 148 mmol/m?s (33 % reduction from the control) while
the average vyield reduction was 25 %. This might indicate that partial closure of
stomata in quinoa is an important trait that enables quinoa to grow and yield well
under what is considered for most crops high salinity. Other parameters associated
with photosynthesis (chlorophyll content and the initial light use efficiency of PSII
(Fv/IFm)) were also unaffected by the salt treatment, indicating that photosynthetic
efficiency was hardly affected in the plants.

In chapter 2, we identified that a reduction of SLA is one of the main
adaptations of quinoa to severe salt stress (=400 mM NacCl) (Jaramillo Roman et al.
2020). The formation of thicker and smaller leaves has several advantages for the
plants: it reduces the transpiration area and improves WUE. In addition, thicker
leaves have a higher water content which helps to dilute the concentration of ions
accumulated under severe salt exposure (Jaramillo Roman et al. 2020) (see also
Chapter 4). Under moderate salinity, the SLA of the commercial varieties Atlas,
Jessie and Red Carina was slightly increased. For the mapping populations, SLA
was not significantly different between treatments for the progeny of PxRC and was
slightly increased by salt for AXRC. As depicted in the PCA (Figure 9), AXRC,
together with Atlas and Red Carina, were grouped in one cluster based on their
higher SLA that was negatively correlated to gs, chlorophyll content, Fv/Fm and salt
tolerance index, variables that contributed to the clustering of PxRC and Pasto in a
separate group. The interaction between these physiological traits suggest that the
regulation of SLA is also a response of quinoa to moderate salt stress; but seems to
be less crucial than under high salinity. Two of the putative QTLs identified for SLA
in PxRC had large negative additive values, which points to alleles donated by Pasto
possibly associated with lowered SLA. It is possible that these QTLs might play an

Page|151



Chapter 5

even more important role for the tolerance of quinoa under high salt stress levels
(see Chapter 2).

By studying two biparental populations and six commercial varieties we were
able to compare salt tolerance mechanisms in a wide range of genotypes and the
inheritance of salt tolerance traits between and within mapping populations. All the
varieties were highly salt tolerant but Pasto showed the highest salt tolerance index.
The main physiological adaptations of Pasto to salt stress were the formation of
slightly thicker leaves (lower SLA), higher RWC, and higher SPAD. In addition, this
variety excluded more Na* from leaves throughout the whole season, retained more
K*, and maintained a high K*/Na* ratio. Most of these traits were also observed in
the progeny of PxRC, and, in comparison with AxRC, it showed a higher salt
tolerance. We found QTLs for all the analysed traits and identified putative alleles
donated by Pasto that contributed to lower Na* and CI- contents, higher K* retention
and lower SLA of the PxRC population. From this study, PxRC looks like a promising
population to study several salt tolerance traits. Finally, despite of the superior STI
of Pasto and PxRC, it is important to note that Atlas and AXRC showed higher yields
under control and salt stress conditions. Several QTLs for yield and yield-related
traits were found for this population in both treatments and many alleles donated by
Atlas could be identified. Incorporating these alleles together with salt tolerance traits
alleles donated by Pasto might be a possibility to breed for superior quinoa
genotypes for yield and salt tolerance.

Implications for breeding

In addition to salt tolerance traits, the genetic variation for some of the most
important breeding targets of quinoa was evaluated in this study: seed yield, TSW,
flowering time and harvest index (Lépez-Marqués et al. 2020). For both populations,
flowering time was positively correlated with plant height which in turn had a negative
correlation with harvest index: late varieties tend to grow more and become taller,
while they allocate less resources into seed production. The parents of both
populations showed contrasting phenotypes for these traits and transgressive
segregation was found for all of them. RedCarina is a late flowering variety compared
to Pasto and Atlas and it is also the tallest one; Pasto is the lowest yielding variety
while Atlas is the highest one. Some of the QTLs identified in this study could be
potentially useful breeding targets. For example, QTLs related to flowering time were
identified in genetic regions 4, 19 and 30 for AXRC with alleles donated by Atlas that
might relate to early flowering. In region 16, QTLs for yield and flowering time were
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identified in PxRC, possibly an allele donated by Pasto contributed to early flowering
and an allele donated by RedCarina contributed to higher yield in the progeny.

Developing breeding tools and identifying new breeding targets are
essential steps to optimize and accelerate the breeding of quinoa. The markers
developed with the novel single primer enrichment technology (SPET) (NuGEN
Technologies, San Carlos, CA, USA) used in this paper for genotyping a quinoa
mapping population, together with the combined genetic map for PxXRC and AxRC
provide important tools for the dissection of the genetic architecture of agronomical
and abiotic stress tolerance traits and the advancement of quinoa as a food crop
with high potential.
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Figure S1. Comparison between h? and the total genetic variance explained by the QTL model of each

trait measured for PxRC under control and stress conditions. The blue circle indicates traits for which it

was not possible to avoid overfitting
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Chapter 6

Abstract

Quinoa is a highly salt tolerant crop that during the past few
decades has gained attention because of its exceptional
nutritional properties and resilience to harsh environments.
Ecuadorian quinoa has been largely underrepresented in general
screenings of the genetic diversity of this species. Growth,
agronomical and physiological traits of 22 genotypes of
Ecuadorian quinoa, ecotype Inter-Andean valley, were evaluated
under normal conditions as well as under saline conditions (250
mM NacCl). The different genotypes displayed broad variation for
seed yield and other agronomical traits. The average seed yield
under control conditions was 780 g/m? and the thousand seed
weight (TSW) ranged from 2.2 to 4.4 g. All the genotypes proved
to be highly salt tolerant with an average Salt Tolerance Index
(STI) of 78 %; 13 genotypes out of 22 even showed no significant
difference for seed yield between control and saline conditions,
and only two genotypes had a STl lower than 50 %. Na* exclusion
appeared to be the main strategy to cope with this for quinoa mild
salt stress, together with quinoa’s unique ability to increase [K*] to
protect metabolic processes while adjusting osmotic values in the
cytosol. However, the genotypes differed in the extent of Na*
exclusion and K* retention, and differences in salt tolerance were
mostly due to the balance between mechanisms associated with
high metabolic costs and growth. Our results demonstrate that
Ecuadorian quinoa is highly diverse and constitutes an interesting
genetic resource for salt tolerance and other agronomical traits of
interest.
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1. Introduction

Soil salinity is a major constraint for agricultural production. Almost 20 % of
the global arable land and more than 75 countries are adversely affected by soil
salinization, and the productivity losses caused by salt stress are high (Qadir et al.
2014). Improving salt tolerance of crops s a sustainable strategy to counteract the
negative effects of salinity on agricultural production. In addition, this would open up
the possibility to use brackish or saline water for irrigation to relieve the growing
pressure on freshwater resources (Morton et al. 2019).

Salt tolerance can be defined as the ability of plants to grow and produce
yield in soils affected by salinity. The degree of salinity that plants can tolerate
depends on the species, duration, and stage of crop development when exposed to
salinity (Munns et al. 2019). Plants vary widely in their response to salt stress, but
key traits contributing to salt tolerance have been defined: the ability to restrict the
rate of entry of potentially toxic Na* and CI” into the shoot (‘ion exclusion’) (Tester
and Davenport 2003), the maintenance of K* uptake (‘K* retention’) (Wu et al. 2018),
the accumulation of solutes in the cytosol to decrease water potential in the external
media and maintain cell turgor (‘osmotic adjustment’) (Flowers et al. 2015), the
compartmentalization of toxic ions in the vacuole or accumulation in older tissues
rather than in photosynthetically active leaves (‘tissue tolerance’) (Deinlein et al.
2014), and the ability to increase water use efficiency (‘transpiration efficiency’)
(Shabala 2013).

As such, salt tolerance is dependent on a number of traits and presumably
controlled by many genes. It has been argued that the best way to improve and
breed for salt tolerance should rely on the screening of the diversity within crop
species, the identification of the underlying traits associated with salt tolerance and
the ‘pyramiding’ of these traits as a breeding strategy, rather than the selection of
‘salt tolerance’ as a trait per se (Colmer et al. 2005).

Often, little variation for salt tolerance is available in commercial varieties of
crops and therefore these may not be the best-suited germplasm to breed for
varieties that can be cultivated in challenging environments (Cheng 2018). For this
reason, new sources of variation, including the use of non-elite varieties, landraces
and wild relatives, should be considered as genetic resources and donors for salt
tolerance traits to improve salinity tolerance of crops (Roy et al. 2011).

A further alternative to expand our knowledge about salt tolerance and breed
for sustainable agriculture is to increase crop diversification. Many of the world’s
underutilised crops possess resilience traits and have the ability to withstand abiotic

Page|163



Chapter 6

and biotic stresses to a greater extent than the current major staple crops (Cheng
2018). A potential new crop that has gained ground in the last few decades is quinoa
(Chenopodium quinoa). Quinoa is a pseudo-cereal considered to be an ideal food
source, being gluten-free, protein-rich and containing all nine essential amino acids.
It has high genetic and phenotypic diversity and is unique in its ability to grow well
under normal conditions, while also displaying remarkably high tolerance to several
abiotic stresses, including salinity (Bazile et al. 2016a); quinoa is considered a
facultative halophyte. Quinoa originated in the Andean region near Lake Titicaca in
Peru and Bolivia. Based on its diversification from the centre of origin and its
adaptation to specific environments, five ecotypes were classified: Highlands (Peru
and Bolivia), Inter-Andean valley (Colombia, Ecuador and Peru), Salares (salt flats
on the Andean High plateau in Bolivia, Chile and Argentina), Yungas (a warm, rainy
and humid stretch of forest on the slope of the Andes mountains, Bolivia) and
Costal/Lowlands (Chile) (Bazile et al. 2016a; Fuentes et al. 2012).

Despite the growing attention for quinoa as a food crop, the genetic diversity
of the species remains largely unexplored. The main issue limiting this exploration is
the lack of facilitated access to genetic resources for both research and
commercialization, added to the difficulty of access to quality seed (Bazile et al.
2016a). Ecuadorian germplasm is particularly underrepresented in general
screenings of the molecular and agronomical diversity of quinoa, and in our previous
research we aimed to construct a core collection of Ecuadorian quinoa germplasm
that is cultivated by small farmers from the Andean provinces of Ecuador (Salazar et
al. 2019).

In this study we explore the genetic diversity of agronomical and
physiological traits in 22 genotypes from our collection of Ecuadorian quinoa, and
evaluate their strategies to cope with salinity. Our results show that Ecuadorian
germplasm is highly diverse and different genotypes rely on different mechanisms to
tolerate salinity, offering opportunities for a better understanding of the remarkable
salt tolerance of this facultative halophyte species.
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Genetic diversity of Inter-Andean Valley Ecuadorian quinoa

2. Materials and Methods

2.1. Plant Material

Seeds of 84 quinoa genotypes were collected from small farmers throughout
the highlands of Ecuador (See also (Salazar et al. 2019)). The material was
propagated in The Netherlands, but viable seeds were obtained only from 40
genotypes. The low propagation success was attributed to low quality seed or late
maturity of photoperiod-sensitive cultivars (Christiansen et al. 2010). From the
genotypes from which viable seed was obtained, 22 were selected that represent
most of the genetic diversity as determined (Salazar et al. 2019). Detailed
information about these genotypes is presented in Table 1 and their collection-sites
in the Ecuadorian highlands is shown in Figure 1. Two Dutch quinoa varieties (Pasto
and Red Carina) from Plant Breeding, Wageningen University & Research (The
Netherlands), were included as reference varieties.

2
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Figure 1. Geo-localization of the quinoa accessions collected in Ecuador.
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Table 1. Description of the genotypes screened in this study.

Altitude Photoperiod

ID cultivar Origin* (m.a.s.l)|Bitterness** |sensitivity*** Seed yield (g/m?)**** TSW (g)****
Pasto Dutch variety, WUR Sweet Daylenght neutral |168 2.79
RedCarina Dutch variety, WUR Very bitter Daylenght neutral |605 2.89
Tunkahuan Ecuadorian variety, INIAP 2815 Sweet Short day required |677 2.97
1_Carchi ECU, Carchi, Espejo 3021 Sweet Short day required |769 3.22
2_Carchi ECU, Carchi, Mira 2604 Slightly bitter [Short day required (938 2.88
3_Carchi ECU, Carchi, Espejo 3024 Sweet Daylenght neutral (728 4.38
1_Imbabura ECU, Imbabura, Angochagua 2877 Slightly bitter [Short day required (842 3.05
2_Imbabura ECU, Imbabura, La Esperanza 2708 Slightly bitter [Short day required (255 3.43
3_Ilmbabura ECU, Imbabura, Otavalo 2530 Slightly bitter [Short day required (1127 2.84
1_Pichincha ECU, Pichincha, Mejia 3265 Bitter Short day required |Didn't reach seed maturity [NA
2_Pichincha ECU, Pichincha, Mejia 3059 Slightly bitter [Daylenght neutral (699 3.8
3_Pichincha ECU, Pichincha, Aloasi 3063 Sweet Short day required [657 4.16
1_Cotopaxi ECU, Cotopaxi, Toacazo 3311 Slightly bitter [Short day required (795 2.94
2_Cotopaxi ECU, Cotopaxi, Saquisili 2924 Bitter Short day required |972 3.13
1_Chimborazo [ECU, Chimborazo, Colta 3511 Very bitter Short day required (825 2.82
2_Chimborazo |ECU, Chimborazo, Guamote 3080 Very bitter Short day required |Didn't reach seed maturity [NA
3_Chimborazo |ECU, Chimborazo, Guamote 3305 Very bitter Short day required |917 2.92
4_Chimborazo [ECU, Chimborazo, Riobamba 2756 Slightly bitter [Short day required (890 2.16
5_Chimborazo |ECU, Chimborazo, Colta 3165 Bitter Short day required |1145 2.54
1_Canar ECU, Canar, Cachi 2960 Very bitter Short day required |853 2.47
1_Azuay ECU, Azuay, Cuenca, Museo Banco Central 2590 Very bitter Short day required (1246 3.82
2_Azuay ECU, Azuay, Cuenca, Mercado 10 de Agosto 2561 Bitter Short day required |802 4.16
3_Azuay ECU, Azuay, Cuenca, Mercado Feria Libre 2590 Bitter Short day required |625 2.84
4_Azuay ECU, Azuay, Cuenca, Mercado 3 de Noviembre 2617 Sweet Short day required (664 2.55

*QOrigin: variety description or, Country, Province, Location

**Bitterness of the seeds was determined by foam test, based on the following height scale: sweet (foam height <0.2 cm), slightly bitter (foam height
0.2-2 cm), bitter (foam height 2.5-4 cm), very bitter (foam height > 4 cm)

***Based on the propagation of the seeds in long-day photoperiod

****Yjeld traits based on cultivation in the Netherlands, with a simulated short day photoperiod (12 h light), greenhouse conditions, crop density, non-
stress conditions

2.2. Experimental conditions

Plants were grown in crates (40 x 60 cm) using potting soil as a substrate.
A plant density of 100 plants/m? (24 plants per crate) was utilized to simulate crop
density under commercial cultivation conditions. The growth of the 24 genotypes was
evaluated under two salt concentrations (control and 250 mM NaCl) in duplicates
following a split plot design. The experiment was conducted in the greenhouse
(Unifarm, Wageningen University & Research, The Netherlands) between January
and June 2019. A photoperiod of 12-hour light was imposed on the plants. The 12
hours of darkness were applied following sunset so the plants were exposed to a
natural end-of-day signal. The greenhouse air humidity was set to a minimum of 80
%. When the incoming shortwave radiation was below 200 Wm™2, additional lighting
was supplied (100 Wm™2). The average day/night temperatures were set at 20 °C/
12 °C, respectively. The plants were irrigated with half-concentrated Hoagland’s
nutrient solution. Salt treatment started five weeks after sowing (2 weeks after
transplanting). Salt was applied by incremental increases of 75 mM NaCl per day
until the desired salt concentration was reached, and the soil salt concentration was
monitored continuously by measuring the electrical conductivity in the leakage from
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the crates with a conductivity meter (Profline Cond 315i, Xylem Analytics, Germany).
Irradiance, air temperature, water content and Electrical Conductivity (EC) in the
crates was monitored with wireless sensors (Flower Power™).

2.3. Assessment of growth and agronomical traits

Plant height was measured weekly. Plant developmental stages were
scored weekly according to a cardinal scale described elsewhere (Jaramillo Roman
et al. 2020). Plants were harvested at maturity, 166 Days After Sowing (DAS). Seed
yield and biomass of stems were measured per crate and reported as g/m2.
Thousand seed weight (TSW) was recorded using a seed counter (Contador,
Pfeuffer GmbH, Jefferson, OR, USA) and harvest index (HI) was calculated as the
ratio of dry seed weight to dry stem biomass. The salt tolerance index (STI) was
calculated as the ratio of seed yield of salt-treated plants to the seed yield of control
(0 mM NacCl) plants.

2.4. Assessment of physiological traits

Several physiological traits were measured one, two and three months after
the start of the salt treatment. Stomatal conductance (gs) was measured on the
abaxial side of the second fully developed non-shadowed leaf using a portable leaf

porometer (Decagon Devices Inc., WA, Australia) between 9:00 and 15:00 hours on
(FW-DW)
(TW-DW)

100%, were FW is the fresh weight, DW is the dry weight and TW is the turgid weight
of an entire single young leaf. Turgid weight was determined after the leaf was
imbibed in ultrapure water (Milli-Q®) in the dark for 12 hours. The RWC of each
experimental unit was evaluated in triplicate. From the same young leaves, the
specific leaf area (SLA) was calculated as the amount of leaf area per unit of dry
weight (cm?/g). The ion contents in young leaves were measured using lon
Chromatography as described in (Jaramillo Roman et al. 2020). Briefly, 25 mg of dry
leaves was ashed in a furnace at 550 °C for 5 h. Ash was dissolved in 1 mL 3M
formic acid at constant shaking of 500 rpm for 15 min at 99 °C. The dissolved ashes
were 400 x diluted with Milli-Q® water and injected to the IC column. lon contents
were calculated as ion weights per unit of dry weight (mg ion g~' dry mass) and the
ion concentrations were estimated considering the water content of the tissue based
on the difference between fresh and dry weights. The ratio K/ Na* was calculated
as mg K*/ mg Na* content.

a sunny day. Relative water content (RWC) was calculated as RWC =
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2.5. Afrosimetric estimation of the saponin content in seeds

The saponin content in quinoa seeds was estimated using a standard
afrosimetric method as described in (Koziol 1991). In brief, 500 mg of seeds were
weighed in a 10 mL Falcon tube®. After adding 5 mL of milli-q water, the tube was
vigorously shaken for 2 min. The height of the foam layer was measured 5-10 s after
shaking. The seeds of the bitter variety Red Carina were used for an internal
calibration of the test. The bitterness of the seeds was determined based on the
following scale: sweet (foam height < 0.2 cm), slightly bitter (foam height 0.2- 2 cm),
bitter (foam height 2- 4 cm), and very bitter (foam height > 4 cm) (Mastebroek et al.
2000).

2.6.Data analysis

General analyses of variance (ANOVA) were performed to determine the
significance of genotypic differences, salt treatment differences and their interactions
(p <0.05). The analyses were performed following a standard procedure for a linear
mixed model, for which genotype and salt treatment were considered fixed effects
and blocks random effects. Multiple comparison analyses were performed using
Fisher's protected least significant difference (LSD) test on genotype means. Inter-
relationships between agronomical and physiological traits were analysed by means
of Pearson correlations. All statistical analyses were performed using the software
Genstat 19th Edition (VSN International Hemel Hempstead, UK). Principal
component analysis (PCA) was used as a multivariate analysis tool to understand
the interrelationship between genotypes and traits. PCAs were performed using the
prcomp() function in R (R 2019). A mantel test was run to compare a genetic distance
matrix based on 15 SSR markers described in our previous publication (Salazar et
al. 2019), and a Euclidean matrix based on the agronomical traits measured in this
study, between all pairs of genotypes. The mantel test was performed using the
mantel.randtest() function of the R package adegenet (Jombart 2008).
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3. Results

3.1.Ecuadorian quinoa displayed large variation for morphological traits
and salt tolerance

The 22 Ecuadorian genotypes selected in this study displayed high diversity
for agronomical traits. The seed yield in control conditions ranged from 255 to 1245
g/m? (average 820 g/m?) (Figure 2A). Two genotypes (1-Pichincha and 2-
Chimborazo) did not reach seed maturity during the time of the experiment. These
genotypes were the last to flower, and at the end of the experiment they were still
producing pollen. In addition, they had the highest stem biomass and height, which
suggests that vegetative growth in these two lines continued until the end of the trial.
Possibly, the artificial 12 hrs dark-light cycle in the greenhouse did not properly
induce the switch from the vegetative to the reproductive stage. The dry biomass of
the stems of the 22 genotypes ranged from 350 g/m? to 1810 g/m? with an average
of 804 g/m? (Figure 2B). A strong negative correlation (-0.91, p <0.001) was
observed between the stem biomass and the harvest index (in this study defined as
the ratio between seed yield and stem biomass), and no correlation was found
between seed yield and harvest index. On average, the seed biomass was 56 % of
the stem biomass (Figure 2C). Large variation was also observed for the thousand
seed weight, ranging from 2.4 to 4.4 g (Figure 2D). This is one of the prioritized traits
in quinoa breeding programs. The large variation and big seed size observed in
some of the genotypes of this study indicate the potential of this collection and
Ecuadorian germplasm for future breeding purposes.

Page|169



Chapter 6

O OmM NacCl H 250 mM NadCl Salt tolerance index
A J
1200 - % E)
< J P Ll
S 500 - Y \eg i : %8{'.
- N, 1 b
S 600 { QN éilé$ *EE . 1
3 .
& 300 { ~® |
g8
¢S94
1800 {1 B o)
& (@]
§1500- % o [
g 1200 A o
2 900 . © ™
a l o °) [
8 600 "y %o a 8 Ch
5 g 5 | 55 5 ]
@ 300 | |

084 €
O %
x (@]
2 o6 @ goo- 9. ] ﬁ ©
£ o) | ag 0E
= 8 * i °o" a g
wv
g0.4- o]
(1]
I
02 4 o i
(i} —
B 44D ° Q
= o) o)
) o | [ ] C I B
$ 315 o o 2 9 go “m o
S O. |
e [ Sm Om ==
Q Q [ ]
g 2 - ]
T ]
a 1
3
=]
=
o +—F/—7"7—7r—""—T"T""TTTTTTTT
2555 73555855885825228
“'ng"‘"’NIQINmmﬂlﬂ'ﬁum'm“‘N'H'F‘leﬁl
: :

Figure 2. Agronomical traits of quinoa accessions growing under control and salt stress conditions (250
mM NaCl). A) Seed yield B) Stems biomass C) Harvest index (defined as the ratio of seeds to stem
biomass) D) Thousand seed weight. Means of 2 replicates. Error bars indicate SE of individual means.
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The response to salinity of the assessed genotypes was in line with the high
salt tolerance that characterizes quinoa (Adolf et al. 2013; Hinojosa et al. 2018).
Despite the high salinity applied (250 mM NaCl, 25 dS/m, equivalent with half
strength seawater) the average yield reduction was only 22 %. Out of the 20
Ecuadorian genotypes that produced seeds, 10 had a reduction in yield of 20 % or
less, and the yield of Tunkahuan, 3-Pichincha, 3-Azuay and 2-Pichincha was even
not significantly affected by the salt treatment. Others genotypes were less tolerant
to salinity, with the highest yield reduction of 56 % observed for 4- Chimborazo and
5- Chimborazo (Figure 2A). The maximum reduction in stem biomass was 33 % in
the genotypes 2-Cotopaxi and 5-Chimborazo while 6 genotypes showed no
significant differences between the control and salt treated plants (Figure 2B).
Thousand seed weight was reduced by 15 % on average. Only in 3 genotypes (1-
Azuay, 3-Chimborazo and 3-Azuay), this trait was not affected by salinity (Figure
2D). Significant variation was observed for height at the end of the season, both
between cultivars and in the effect of salt stress (Figure 3 and Supplementary Table
1). On average, the height of the Ecuadorian genotypes was 170 cm under control
conditions, and the average reduction caused by the salt treatment was 20 %. Height
significantly correlated to stem biomass, both in control (r=0.92) and stress
conditions (r=0.7) (Figure 4).
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Figure 3. Height of quinoa accessions growing under control and salt stress conditions (250 mM NacCl).
Means of 2 replicates. Error bars indicate SE of individual means.
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The development of the genotypes was monitored throughout the season.
On average, the Ecuadorian genotypes started flowering 77 days after sowing
(DAS). Early genotypes flowered around 58 DAS and late genotypes required up to
96 days. The two genotypes that did not reach seed maturity in the course of the
experiment (1-Pichincha and 2-Chimborazo) were the last to flower (96 DAS). In
most of the genotypes, flowering time was delayed by the salt treatment, while other
developmental phases such as seed filling and seed maturity were not influenced by
salt, resulting in shorter time between flowering and maturation (Table 2). Both in
control and stress conditions, flowering time (in days after sowing) positively
correlated with stem biomass and negatively correlated with Harvest Index,
indicating that the longer it takes to switch between the vegetative and reproductive
phase, the less assimilates were allocated to seeds (Figure 4).
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Table 2. Developmental stages of cultivars under control and stress conditions. Values represent days
after sowing (DAS). Three main physiological stages are presented (days to flowering, days to seed filling
and days to seed maturity).

Cultivar Flowering (DAS) Seed filling (DAS) Seed maturity (DAS)
Control |Stress Control |Stress Control |Stress

Pasto 54 49 75 75 96 96
3_Azuay 58 58 90 90 138 138
3_Carchi 61 61 96 96 138 125
2_Pichincha 61 61 90 90 125 125
3_Pichincha 61 65 96 96 138 138
4_Azuay 61 61 90 90 138 138
RedCarina 65 61 90 90 110 110
2 _Azuay 61 64 110 110 166 138
1_Chimborazo 75 82 110 110 166 166
3_Chimborazo 75 82 110 110 166 166
1_Canar 75 82 110 110 166 166
3_Imbabura 75 82 110 110 166 166
1_Imbabura 78 90 105 110 166 166
1 _Carchi 84 90 100 105 166 166
Tunkahuan 82 82 110 110 166 166
1_Cotopaxi 82 84 110 110 166 166
1_Azuay 82 90 110 110 166 166
2_Carchi 84 88 110 110 166 166
2_Cotopaxi 84 91 110 110 166 166
5_Chimborazo 90 110 120 120 166 166
1_Pichincha 90 96 138 130 * *
4 Chimborazo 20 110 138 138 166 166
2 _Imbabura 96 93 120 120 166 166
2 _Chimborazo 96 136 138 * * *

*Seed maturity was not reached within the timeframe of the experiment
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Figure 5 depicts the seed yield of the evaluated genotypes under control and
stress conditions. Genotypes were classified in four groups; those with higher yield
than the average of all genotypes under stress as well as control conditions (green
in Figure 5), genotypes that yield less than average under both conditions (grey),
genotypes that yield higher than average only under control conditions (red) or only
under stress conditions (blue). Several genotypes displayed GxE interaction, like
4 Chimborazo and 5_Chimborazo. Under control conditions, these genotypes are
high-yielding lines with an average seed yield of 890 and 1145 g/m? respectively,
while under stress conditions, their yields were reduced by 56 % to 386 and 499
g/m?, respectively.

Two Dutch varieties (Pasto and Red Carina) were included in this study for
further comparison. Seed yields of these varieties in control conditions were 168 and
605 g/m? for Pasto and Red Carina, respectively. Under salt stress, the yield of Pasto
was reduced by 15 % and the yield of Red Carina by 43 %.
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Figure 5. Overall classification of genotypes based on their yield in control and stress conditions. The x-
axis is set to the average seed yield under control conditions and y-axis to the average seed yield under
stress conditions. Genotypes that yield better than average in both conditions are presented in green,
those that yield less than average in both conditions in grey, those than perform better than the average
just in control conditions are shown in red and just in stress conditions in blue.
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3.2. Genetic diversity on the ion dynamics of Ecuadorian quinoa

The concentrations of Na*, K*, Ca?*, Mg?*, and CI~ ions were measured in young
leaves of the 24 genotypes after one, two and three months of salt stress application.

After one month of stress, all cation concentrations were higher in the leaves of
plants growing under stress conditions compared to control (Figure 6 and
Supplementary Figure 1). The average [Na*] in young leaves after one and two
months of salt stress was 70 mM (Figure 6A), which is considerably lower than the
250 mM NaCl in the root media and indicates that quinoa plants were very well able
to exclude Na* from young leaves. Towards the end of the season (three months
after start of stress application) the levels of Na* in young leaves increased
substantially reaching an average concentration of 203 mM. While the [Na*] in young
leaves remained below the 250 mM NaCl in the root media for most of the genotypes,
concentrations exceeding 400 mM were measured in some genotypes including 2-
Pichincha, 1-Azuay and Red Carina. Genotypic differences in the Na® accumulation
in young leaves were also observed throughout the season (Supplementary Figure
1A-C). For some genotypes, like Pasto and 3-Azuay, the concentration of Na* was
not significantly different between treatments, and [Na*] was lower than 50 mM after
1 month of stress. Pasto had the lowest ion accumulation after one month of stress,
and this increased to 104mM after 2 months and to 253 mM at the latest time point.
Other genotypes had relatively high levels of Na* at all-time points, like 1_Azuay and
2_Pichincha, although only after three months of salt stress the concentration was
higher than in the root medium. The leaf [Na*] at the third sampling point had a
positive significant correlation with seed yield and TSW under stress conditions
(Figure 7).

In line with previous reports using different quinoa germplasm, [K*] significantly
increased in young leaves of Ecuadorian quinoa plants growing under salt stress
compared to control (Hariadi et al. 2011; Jaramillo Roman et al. 2020). After 1 month
of salt stress, all the genotypes had a higher [K*] under salt stress compared to
control. The average [K*] was 357 mM under salt stress compared to 267 mM under
control conditions, with a further increase after two months of stress to 458 mM under
stress compared to 339 mM under control conditions. After three months of
treatment, the average [K*] decreased to 397 mM under stress conditions. For most
of the genotypes, the [K'] was higher under stress conditions, while for some
genotypes there was no significant difference in the concentration between the two
treatments (Supplementary Figure 1 D-F). The [K*] at all-time points had a significant
negative correlation with stem biomass and height (Figure 7).
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The average K*/ Na* ratio was 13.7 in control conditions and it decreased to 8.9
in stress conditions one month after the stress treatment was started, but after two
months, the average K*/ Na* ratio was restored to 11.5 in the salt-stressed plants.
For most genotypes, no significant difference was found between treatments at this
stage. However, at the last sampling point, the average K*/ Na* ratio decreased
considerably to 5 under stress conditions (Figure 6D). The ratio was more influenced
by the capacity of quinoa to exclude or accumulate Na* in leaves than the retention
of K*, with a strong negative correlation with leaf [Na*] in all harvests (Figure 7).

The concentration of Mg?* was hardly affected by salt during the two first months
of salt application, but it dropped significantly from 170 mM under control conditions
to 90 mM under stress conditions after three months of the application of the salt
treatment (Figure 6E). During the first sampling point, [Ca?*] was increased in the
salt treatment compared to the control, but it was significantly reduced for all
genotypes after two and three months of the start of salt treatment. At the last
sampling point, the average concentration was 88 mM under control conditions
compared to 26 mM under stress conditions (Figure 6F). However, based on [Ca?*]
values previously reported for plants, these genotypes are very likely not suffering
from Ca?* deficiency under these conditions (Genc et al. 2010).

CI™ progressively accumulated to higher levels than Na* in young leaves. After
one month of salt stress, the average [CI7] in young leaves was 176 mM in plants
exposed to the salt stress compared to 9 mM in control plants. After two months of
salt stress, [CI7] further increased to 246 mM, equalizing the [CI7] in the root medium,
and after three months of salt stress the average [CI"] was 315 mM (Figure 6C), with
variation between the varieties (Supplementary Figure 1 G-I). [CI] had a significant
negative correlation with most of the agronomical traits (seed yield, stem biomass,
and plant height), a positive correlation with the SLA and [Na*], and a negative
correlation with the [K*] after two and three months of stress (Figure 7).
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3.3.Physiological traits in response to salt stress

The effect of the salt treatment on stomatal conductance (gs) was significant
only after several weeks of salt stress, in line with what we previously reported
(Jaramillo Roman et al. 2020). The effect of salinity on stomatal conductance was
barely significant after one month, with an average conductance of 105 mmol/m?s
for plants in control conditions and 86 mmol/m?s for stressed plants (Figure 8A). No
significant differences were found between genotypes or for the salt stress x
genotype interaction (Supplementary Table 1). After two months of stress, the
average reduction in stomatal conductance due to the salt treatment was 30 %. For
some genotypes the reduction due to salinity was as much as 50 % (5-Chimborazo),
while other genotypes had a mild response with less than 20 % reduction (Figure
8B). The decrease in stomatal conductance appeared to be linked to the salt
tolerance of the analysed genotypes: it had a negative correlation with seed yield
(r=-0.46), STI (r= -0.61) and a positive correlation with CI~ accumulation in young
leaves (r=0.32), SLA (r=0.55) and RWC (r=0.42) (Figure 7).

Relative water content was measured in young leaves after 2 months of salt
treatment (Figure 9A). For most of the genotypes, RWC was not significantly different
between stress and control. On average, the leaf RWC decreased slightly from 77
% in control conditions to 73 % under stress. No significant differences were found
for the Specific Leaf Area (SLA) between genotypes or salt treatments (Figure 9B).
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Figure 8. Stomatal conductance (gs) of quinoa accessions growing under control and salt stress
conditions (250 mM NaCl). A) Stomatal conductance one month after the start of salt stress; B) Stomatal
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Figure 9. Physiological traits of quinoa accessions growing under control and salt stress conditions (250
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Error bars indicate SE of individual means.
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3.4. Genetic diversity of Ecuadorian quinoa

The genetic diversity of the collection was further assessed by identifying the
traits that contribute most to the salt tolerance variation and examining their
relationships with a principal component analysis (PCA). The following variables
were included: STI based on seed yield, [CI7], [Na*], [K*] and the ratio K*/ Na* in
young leaves of stressed plants after one and two months of salt stress treatment,
salinity-induced decrease in gs after one and two months of the start of the salt
treatment, RWC and SLA in young leaves of salt stressed plants (Figure 10). The
first four principal components accounted for 76 % of the variability amongst the 20
Ecuadorian lines that produced seeds under control as well as stress conditions, and
had eigenvalues > 1.5 (Supplementary Table 2). The first principal component
accounted for 27.4 % of the total variation. The variables that contributed most to
PC1 were [K*] and K*/ Na* ratio at the two sampling points and these were positively
correlated with STI. The genotypes on the right side of the PCA had a high [K*] in
young leaves, high K*/ Na* ratio and high salt tolerance (seed yield reduction < 20
%). A second group of genotypes on the left side of the plot were grouped based on
high [CI7] during the first month of stress and high RWC supported by a high
decrease in the stomatal conductance. These genotypes had a lower STI (more than
40 % vyield reduction) (2_Cotopaxi, 2_Imbabura, 2_Carchi, 3_Chimborazo and
5 _Chimborazo). The second PC accounted for 23.1 % of the total variation. The
main variables that contributed to this PC were the [Na*] at both sampling points,
and in the opposite direction the K*/ Na* ratio. This PC clustered the genotypes with
higher accumulation of Na* (1_Canar, 1_Carchi, 1_Imbabura, 4 _Chimborazo,
1_Chimborazo), with only a limited contribution to the STI of the genotypes.

A Mantel-test comparing the genetic diversity of our collection of Ecuadorian
quinoa based on SSR markers as presented previously (Salazar et al. 2019) and
some of the phenotypic traits evaluated in this study indicated a low and not
significant correlation between both matrices (r= 0.14, p=0.81). This is an indication
that the measured traits were not confined to specific genetic material clustered in a
specific phylogenetic clade. A larger set of genotypes and markers would be required
to understand the genetic diversity of this collection.
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Figure 10. Principal component biplot displaying the variation in the collection of Ecuadorian quinoa
genotypes. Genotypes are indicated as black dots and traits as red vectors. Abbreviations: Na_M1/
Na_M2 ([Na*]: young leaves stressed plants after 1 month/2 months treatment); K_M1/ K_M2 ([K*]: young
leaves stressed plants after 1 month/2 months treatment); CI_M1/ CI_M2 ([CI"]: young leaves stressed
plants after 1 month/2 months treatment); K_Na_M1/ K_Na_M2 (K*/Na*: young leaves stressed plants
after 1 month/2 months treatment); SLA: specific leaf area stressed plants; STI: salt tolerance index based
on seed yield); gs(R)_M1/ gs(R)_M2: reduction of gs due to salinity after 1 month/ 2 months treatment.

Page|183



Chapter 6

4. Discussion

Quinoa is known to be a highly salt tolerant crop, and is considered a facultative
halophyte due to its ability to grow optimally in normal cultivation conditions, but also
tolerate high salt levels well and even survive at salinity levels above that of
seawater. A considerable amount of literature is available on salt tolerance of quinoa
(Hinojosa et al. 2018; Ruiz et al. 2016b), but only a fraction of the genetic diversity
of quinoa germplasm has been studied. Thus far Ecuadorian quinoa has not been
included in salt tolerance studies, and very little is known about its agronomic or
breeding value. In this study, we show that Ecuadorian quinoa adds valuable
agronomical and salt tolerance traits to quinoa germplasm that can support breeding
programs towards an even more resilient and nutritional crop with stable high yields.

4.1.Diversity of Ecuadorian quinoa for agronomical traits

The broad genetic diversity of quinoa has been associated with the
environmental variation at its centre of origin, the agricultural practices and the
exchange of seeds by local communities of the Andean Region (Planella 2015).
According to the classification of quinoa in ecotypes, Ecuador is the centre of origin
for Inter-Andean valley quinoa; an ecotype that grows in areas between 2300 and
3500 m.a.s.l., characterized by annual rainfall between 700 and 1500 mm (Bazile et
al. 2016b). The Inter-Andean valley ecotype is described as a large and diverse
group formed by late-maturing, short-day landraces that are typically branched, tall,
have large panicles, large seeds and high yields in terms of both green biomass and
grain (Risi and Galwey 1989). The collection of Ecuadorian quinoa genotypes
evaluated in this study displayed high variation for seed yield and other agronomical
traits. The average worldwide farm yield reported for quinoa is 2 ton/ha (Mastebroek
et al. 2002), while the current potential yield on the field can be as high as 4- 5 ton/ha
(Zurita-Silva et al. 2014). In the controlled environment used in this study average
seed yield under non-stress conditions was 780 g/m? (=7.8 ton/ha), with some
genotypes even as high as 1200 g/m? (12 ton/ha). Although these high yields may
be indicative for the high potential of quinoa germplasm from the tropical areas, it
should be noted that the plants in this study were grown using optimal crop density,
and inside a greenhouse with controlled light conditions, temperature, optimal
nutrient availability and irrigation. The performance of these lines should also be
evaluated in the field under short-day conditions to validate their yield potential under
farm conditions. In addition to yield, seed size (estimated by the TSW), varied
strongly. TSW of the tested Ecuadorian quinoa genotypes had a broad range (2.2-
4.4 g/1000 seeds), and for some genotypes it was significantly higher than the large
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seed sizes of the current EU commercial varieties of quinoa (up to 3 g/1000 seeds)
(Jacobsen and Christiansen 2016). Seed size is an important breeding target
because of consumer preference for larger seeds and because it increases the
biomass of the crop at the same plant density. A higher TSW, therefore, increases
productivity. Another important seed quality trait is saponin content. Seeds of quinoa
usually contain saponins in the seed coat, resulting in a bitter taste. During the
processing of quinoa seeds, saponins need to be removed from the grain, which is
laborious and expensive, and requires fresh water. High diversity in quinoa seed
saponin content has been reported, so the development of low or free-saponin seed
is a main target for the breeding of the crop (Mastebroek et al. 2000). As reported in
Table 1, our collection shows broad diversity in the saponin content, and many lines
had little or no saponins in their seeds based on the afrosimetric test. Evidence
suggest that seed bitterness is controlled by a single dominant gene (TSARL1)
(Jarvis et al. 2017), and can therefore easily be selected in a breeding program.
Further research is required to test for possible allelic variants of the gene that might
explain the diversity for this trait in the Ecuadorian material evaluated in this study.

4.2.Diversity of Ecuadorian quinoa for salt tolerance

The mean STI for the Ecuadorian genotypes was 78 %, and 13 genotypes out
of 22 even showed no significant difference for seed yield between control and 250
mM NaCl stress conditions. Only two genotypes had an STI lower than 50%. This
high salt tolerance may be linked to the nature of Ecuadorian soils. While the impact
of soil salinization for agriculture in the Andean region of Ecuador has not been
assessed, it is known that soils in this area have a volcanic origin, and suffer from
natural pyroclastic salinity as well as artificial salinity caused by intense irrigation in
agricultural areas. It is reported that about 20 % of the soils of the Andean region of
Ecuador are indurated soils with high contents of salts (mainly carbonates),
commonly affected by erosion, and constituting about 10 % of the total agricultural
area (Zebrowski 1996). No association was found between the salt tolerance and
the geographical locations where these genotypes were collected, which may be
explained by the dissemination of genetic material throughout the Andean provinces
in Ecuador via informal seed networks.

Even though the seed yield under control conditions was positively correlated
with the seed yield under stress conditions (r=0.48, p<0.05), a significant genotype
x salt stress interaction was found for this trait. Some of the high yielding genotypes
under control conditions, like 5-Chimborazo and 4-Chimborazo, had very low yields
under stress conditions. This means that for breeding purposes, the selection of
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genotypes with high salt tolerance cannot be done by evaluating the material under
control conditions only. Nevertheless, several genotypes had stable yields under
both conditions as well as favorable agronomical properties such as HI and TSW.
Specifically, the genotypes 1-Azuay, 3-Imbabura, 1-Chimborazo, 1-Imbabura and 1-
Canar had high yields under control conditions and were able to maintain a similar
yield under saline conditions. Whether these genotypes are also the best performers
under field conditions and soils affected by salinity remains to be tested.

The genetic diversity for salt tolerance of other quinoa ecotypes has been
explored in other studies. Adolf et al. (2012) studied the growth of quinoa genotypes
from Bolivia, Peru and breeding material from Denmark under a salt treatment of 400
mM NaCl (Adolf et al. 2012). They concluded that higher salt tolerance was found in
some but not all accessions related to the Real type, a group of cultivars grown and
adapted to the Bolivian salt flats. In a different study, the diversity of quinoa from
Peru, Bolivia and Denmark was evaluated under 400 mM NaCl and it was concluded
that the most tolerant varieties were originating also from saline areas from Peru and
Bolivia (Shabala et al. 2013). Schméckel and collaborators reported the salt
tolerance of highland and coastal accessions from Chile, Argentina, Peru and Bolivia
at 300 mM NaCl and no clear association between the salt tolerance and
geographical location of the genotypes was found (Schmockel et al. 2017). The
performance of different quinoa genotypes under moderate levels of salinity (150-
250 mM NaCl) has also been explored. A 50 % seed yield reduction was reported
for the Danish variety Titicaca under field conditions (Razzaghi et al. 2011). The seed
yield reduction of Chilean lowland quinoa ranged from 34 to 74 % under 300 mM
NaCl (Peterson and Murphy 2015a). In summary, compared to other ecotypes
previously studied, the Inter-Andean valley ecotype seems to be highly salt tolerant.
The national germplasm bank (INIAP) maintains an unexplored collection of
Ecuadorian genotypes collected in the 1980s’ (Peralta E 2015). A further
characterization of this collection will be very interesting as we now have shown large
genetic variation in a limited set of Ecuadorian accessions, which gives high promise
for the more extensive INIAP collection.

Two Dutch cultivars adapted to grow under long day, temperate conditions
(Pasto and Red Carina) were included in our evaluation to be compared with
Ecuadorian genotypes. The seed yield of Pasto was considerably lower than that of
the Ecuadorian genotypes, but also than yields obtained for this variety in other
experiments (Supplementary Table 3). The competition for light may have
contributed to the lower yield of Pasto measured here, as Pasto is a small variety
with a measured height of 45 cm while the average height of the Ecuadorian
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genotypes was 172 cm, resulting in shading of the Pasto plots by the Ecuadorian
plots. In addition, Pasto is adapted to a long-day photoperiod. Under the artificial
short-day photoperiod used in this experiment, Pasto started flowering only 54 days
after sowing and completed its crop cycle in 96 days, while under a long-day
photoperiod, Pasto completes its cycle in approximately 5 months (Jaramillo Roman
et al. 2020) (See also Chapter 5). This shortened crop cycle has likely further
contributed to the low yield of Pasto in this study.

4.3. Salt tolerance mechanisms in Ecuadorian quinoa

All the Ecuadorian genotypes proved to be salt tolerant, but considerable
variation in the level of tolerance was found, as well as Genotype x Treatment
interactions.

All the genotypes evaluated in this study relied at least partly on Na* exclusion
from leaves as the main strategy to cope with salinity. For the first two months of salt
stress, the Na* concentration in young leaves was considerably lower than that in
the root medium. It has been reported that the exclusion of Na* has a high energetic
cost for plants (Munns and Gilliham 2015), but at the salt stress level applied in this
study it seems to be an effective strategy of quinoa to cope with salinity while
maintaining growth, at least for a large part of the growth cycle. After three months
of stress, some genotypes accumulated very high concentration of Na* in leaves,
indicating that these genotypes change strategies to tissue tolerance after prolonged
stress. Previously, we reported that tissue tolerance is a favoured strategy of quinoa
to survive severe salt stress (Jaramillo Roman et al. 2020). Our results here confirm
the suggestion from other chapters that Na* exclusion enables quinoa to grow
effectively under mild (for quinoa) salt stress, but that under severe or prolonged
stress growth is no longer prioritized, and a strategy aimed at survival (tissue
tolerance) at the cost of growth is preferred.

In most of the tested genotypes Na* appeared to be actively excluded from the
leaves throughout the season, while the concentration of CI~ in leaves was high from
the beginning of the season. Plants typically accumulate higher levels of CI~ than
Na* under saline conditions, which may be related to a lower toxicity of CI- compared
to Na* (Flowers and Colmer 2008). CI~ may serve as an osmoticum in the tissues
and also balances charge and voltage for the changes in Na* and K* cation
concentrations (Teakle and Tyerman 2010).

When exposed to high levels of salinity, quinoa must meet the challenge of
osmotic adjustment to a lower external water potential (Flowers and Colmer 2008).
Osmotic adjustment by the accumulation of inorganic solutes has been reported as
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the main salt tolerance strategy in halophytes and salt tolerant crops like barley
(Munns and Gilliham 2015). Considering the high Na* exclusion activity of the
Ecuadorian genotypes, Na* probably only contributed to the osmotic adjustment of
quinoa after prolonged salt stress. K* may also play an important role in osmotic
adjustment of quinoa. While most halophytes, like species from the genus Suaeda,
Atriplex and Inuda, show a decrease in the [K*] in leaves as a consequence of salt
stress, quinoa appears to be unique in its ability to increase [K*] under highly saline
conditions, maintaining a high K*/Na™ ratio. This remarkable ability is likely to protect
metabolic processes that require K* from competition by Na* while also adjusting
osmotic values in the cytosol to match accumulated of ions in the vacuole. Osmotic
adjustment in quinoa may occur mainly through the accumulation of CI- and K*;
however, especially after short exposure to salt stress organic solutes might still be
needed to adjust to the lower external water potential caused by the salt treatment.

Salt stress has a strong negative effect on the transpiration of plants (Hedrich
and Shabala 2018). While stomatal conductance was reduced in all genotypes, we
did observe variation in the degree of reduction of stomatal conductance (gs) (Figure
9). It has been suggested that a slight reduction in gs can enhance photosynthetic
efficiency and increase WUE, reducing water loss while CO2 uptake is hardly
compromised (Yoo et al. 2009). The reduction of gs did was correlated with many
agronomical and physiological traits especially at the second measuring point and
the genotypes with the strongest gs reduction had the lowest STI (Figure 10),
suggesting that the degree of stomatal closure impacts salt tolerance.

Our results demonstrate that the Ecuadorian quinoa genotypes utilise different
strategies to grow under saline conditions and to regulate ion dynamics throughout
the growing cycle. 4 _Azuay and 1_Canar were both highly salt tolerant genotypes,
with the same STI of 0.8. 4_Azuay had a relatively high reduction of gs (30 %), low
leaf Na* and CI- concentrations and high leaf [K*]; similar adaptations as those
reported in Pasto (see chapters 2 and 5). On the other hand, 1_Canar had a low
reduction of gs (15 %), high leaf Na* and CI- concentrations and relatively low leaf
[K*]. Previous reports on genetic diversity of salt tolerance traits in quinoa concluded
that the most salt tolerant genotypes had a lower Na* loading to the xylem (Adolf et
al. 2012; Shabala et al. 2013). While our data also point to Na* exclusion as an
essential salt tolerant mechanism in quinoa, salt tolerance of this species does not
only rely on the ability of the genotypes to exclude Na*. The best performing
genotypes (in terms of yield) under both control and saline conditions (1-Azu, 3-Imb,
1-Chi, 1-Imb, 1-Can) were mainly characterized by a lower gs reduction, lower K*
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retention and higher Na* content in leaves. This appeared to be the most effective
strategy at this relatively mild (for quinoa) level of stress. The most preferred
mechanisms of quinoa to thrive under saline conditions may be dependent on the
salinity level and an optimal balance between conservation and growth.

4.4.Breeding potential of Ecuadorian quinoa

Despite the interesting properties of the Inter-Andean valley ecotype,
Ecuadorian quinoa has hardly been included in scientific research, and its
commercial expansion is limited. The strict photoperiod dependence of this ecotype
has limited its adaptation to grow at latitudes with long days. The Inter-Andean valley
quinoa requires short days (11-13 h light) to induce anthesis. Bolivian quinoa, on the
other hand, is more flexible and flowers in regions with a broader range of
photoperiods. Cultivars from southern Chile are the least sensitive to photoperiod
(Jacobsen 2003). Most of the commercial varieties developed to grow in the northern
hemisphere have inherited insensitivity to photoperiod from Chilean quinoa (Bazile
2015), and these can be used to confer this insensitivity to Ecuadorian genotypes as
well. While other quinoa ecotypes (Salares, Coastal/lowland) have been broadly
recognized for their high salt tolerance attributed to the extreme conditions of their
native areas (Ruiz et al. 2016a), this study showed the potential of the Inter-Andean
valley ecotype as an alternative source for salt tolerance. Despite the limited number
of genotypes, high variation was found for all the examined traits. Several strategies
to cope with salinity were identified and, in comparison to European commercial
varieties, the genotypes showed high diversity for yield, yield stability and other
agronomical traits of interest. Low quality seed, low degree of germination and
restricted access to seeds have been identified as limiting factors for the
experimentation and worldwide expansion of quinoa in general (Bazile et al. 2016b)
and the Inter-Andean valley ecotype in particular. The strengthening of research
consortiums, local and international seed reservoirs and participatory breeding
programs are needed to facilitate a broader distribution of this crop and a proper
characterization of all of its diversity and potential (McElhinny et al. 2007; Murphy et
al. 2016).
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Table S2. Information of the eigenvalues, variance and contribution of variables for the PCA for salt
tolerance traits in the collection of Ecuadorian quinoa.

Eigenvalue Variance% Cumulative variance% Order of contributing variables
K*/Na*_2 month_S, K*/Na*_1 month_S, [K*]_2 month_S, [K*]_1

PC1 3.56 27.4 27.4|month_S, [Na*]_1 month_S, [Na*]_1 month_S,
PC2 3 23.13 50.53[[Na*]_2 month_S, [Na*]_1 month_S, RWC_S, STI
PC3 1.67 12.9 63.43|[K*]_1 month_S, [CI7]_2 month_S, [Na*]_1 month_S, [K*]_2 month_S
PC4 1.6| 12.34 75.77|[CI"]_2 month_S, Decrease gs_ 1 month, SLA_S
PC5 1.01 7.8 83.57
PC6 0.65 5.03 88.6
PC7 0.56) 4.29 92.89
PC8 0.38 2.95 95.84
PC9 0.22 171 97.55
PC10 0.18 1.43 98.98
PC11 0.11 0.86 99.84
PC12 0.01 0.09 99.93
PC13 0.005 0.04 99.97

Table S3. Comparison of yield of Dutch varieties Pasto and Red Carina in different field and greenhouse
experiments carried out in the last few years.

Seedyield in g/m?
2016| 2017 2018 2019
Pasto 363.7 306.7 324.8 168.20

Red Carina 334.7 225.5 649.3] 604.60

2016 and 2017: field trials in Wageningen, The Netherlands
2018: experiment in a tunnel, semi-controlled conditions, plant-density 50 plants/m?

2019: (this experiment) greenhouse experiment, short-day conditions, plant-density 100 plants/m?
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Chapter 7

Every year up to 10 Mha of arable land are abandoned due to soil
salinization (Srivastava et al. 2019). This loss of arable land poses a threat to food
security in many areas and comes at a great economic loss. Therefore, investments
in more salt tolerant crops is not only economically worthwhile but also a necessity
to secure food supply. Improvement of salt tolerance of existing crops might not be
sufficient under increasing salinization and exploration of new, more salt-tolerant or
even halophyte species might be needed. Among potential candidates for such new
crops, quinoa (Chenopodium quinoa) is especially interesting. Native to the harsh
landscapes of the Andes, quinoa is a highly resilient crop that has been proposed as
a model species for salt tolerance. In addition, quinoa is a highly nutritious food crop,
thus an interesting target for breeders and farmers to be cultivated in salinized areas
around the world. In this thesis | aim to provide novel insights into the salt tolerance
of quinoa, genetic differences in salt tolerance mechanisms and how growth and
seed yield are balanced under different levels of salinity. In Chapters 2, 3 and 4 we
compared physiological, biochemical and growth-related traits between several
European commercial varieties exposed to a wide range of salt stress levels (EC in
the root medium from 10-65 dS/m). All the evaluated varieties could produce grain
even at the highest salt stress applied. However, clear differences in the salt
tolerance index (harvestable yield under salinity relative to yield without salinity) and
mechanisms of salt tolerance were observed between varieties. The experiments
described in Chapters 2, 3, and 4 were performed under greenhouse conditions
using single plants as experimental units, allowing a controlled and detailed
examination of different complex traits related to salt tolerance. To evaluate the
performance of the varieties in an environment more similar to field conditions, the
plants were grown with an optimal crop-like plant density (~50 plants m=2) and the
results of this trial are described in Chapter 5. However, to better manage the
environmental conditions and control salt concentrations in the root medium, plants
were grown in a tunnel using cocopeat as substrate. This approach allowed us to
examine the agronomical impact of salt tolerance in addition to the physiological
adaptations. In the same setup, two biparental crosses from varieties with
contrasting salt tolerance responses were evaluated to perform a preliminary
exploration of the genetic determinants for traits contributing to salt tolerance.
Finally, in Chapter 6 we evaluated Ecuadorian genotypes to test the potential of the
Inter-Andean valley ecotype as a new source of traits of interest for the improvement
of quinoa. In this thesis | incorporated a wide range of tools and approaches to
explore salt tolerance across different experimental spatial scales (from plant to plot)
and different levels of salt stress. While a salinity level above 4 dS/m (~100 mM
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NaCl) in the soil affects the yield of most of the current crops, in my studies described
in this thesis a concentration of 200-250 mM NaCl was considered as moderate
stress, and a concentration from 300-400 mM NaCl as high stress for quinoa.

Quinoa is an excellent crop to study salt tolerance mechanisms. In the
following pages | intend to summarize what we have learned and my perspectives
on the subject. This chapter is divided in three sections. First, | summarize the main
responses of quinoa to salt stress. Next, | discuss the prospects of salt stress
research and the advantages of using quinoa as a salt tolerant model. Finally, |
analyse the current status of quinoa cultivation and how studying salt tolerance might
contribute to the expansion and consolidation of this crop as a staple commodity.

Part 1: Distinctive features that confer salt tolerance to quinoa
1.1 lon dynamics

The uptake of ions and their distribution within different tissues are essential
processes in the response to salinity stress at whole plant level. Through the different
experiments within this thesis we evidenced that the uptake, transport and
accumulation of ions in quinoa are fine-tuned processes in time (throughout the
growing cycle) and space (between plant tissues). In this section, | analyse and
compare the distribution of Na*, CI- and K* in the different plant tissues between
plants under control conditions and plants exposed to moderate and high salt stress
(Figure 1). While in Chapter 2 ion dynamics throughout the growing season of plants
were compared, here | will examine the ion dynamics at one particular time point
(10-12 weeks after sowing, 5-7 weeks after stress application, beginning of flowering
in plants), and compare responses at different levels of salt stress (data from
Chapters 2, 4 and 5).
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Figure 1. Schematic representation on Na*, Cl- and K* distribution in quinoa plants tissues under
moderate (from Chapters 5, 6) and high (from Chapters 2, 4) salt stress at the onset of flowering (10-12
weeks after sowing, 5-7 weeks after stress application).
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In the upper panel of Figure 1, the Na* distribution in different tissues under
moderate and high salt stress is shown. The concentration of Na* in the roots
equalled that of the root medium in plants growing under high stress, and was slightly
higher than the root medium in plants growing under moderate stress. At both salinity
levels the [Na*] in roots was higher than in stems, and in stems higher than in leaves.
Under moderate salt stress, old leaves accumulated more Na* than young leaves,
while under high stress less differences were found between old and young leaves.
The concentration of Na* in leaves (especially young leaves) was considerably lower
than in the root medium even under severe salinity, which points to an extraordinary
capacity of quinoa to exclude Na* from leaves (See section 1.2). While most of the
genotypes kept leaf [Na*] lower than in the root medium, slightly higher levels of Na*
in the leaves correlated with higher stomatal conductance and higher yields under
moderate salt stress: these genotypes were able to maintain their growth rate in spite
of the salt stress. Other genotypes retained low levels of Na* in young leaves; among
the varieties Pasto stands out for this trait that was also observed in some of the
Ecuadorian genotypes evaluated in Chapter 6, such as 4_Azuay. The interaction
between these different patterns of Na* accumulation and growth is discussed later
(See section 1.6). The two mapping populations studied in Chapter 5 (Pasto x Red
Carina (PxRC) and Atlas x Red Carina (AXRC)) segregated for [Na*] in the shoot
and the lowest levels of Na® were measured in some genotypes of the progeny of
PxRC. QTLs were found for this Na* exclusion trait and alleles inherited from Pasto
were identified, which point to possible genetic determinants of the higher exclusion
rate of Pasto that deserve further exploration.

The ability to exclude Na* from tissues is one of the most important features that
allow halophytes to grow in saline environments (Flowers and Colmer 2008). Two
important questions are pivotal to understand the mechanism of Na* exclusion:
where in the plant does the exclusion occur, and how is it facilitated? Na* exclusion
from leaves involves the ability of the plant to: 1) minimize Na* entry; 2) maximize
efflux to the root media; 3) minimize loading to the xylem; 4) maximize retrieval from
the xylem; and 5) maximize recirculation out of the shoot into the phloem (Tester and
Davenport 2003). The Na* concentrations in the roots of quinoa were similar to the
root media at high salinity, and remained constant throughout the growing cycle.
When soil salinity is high, Na* influx into the roots is passive, favoured by differences
in concentration and voltage (Munns et al. 2020a). It is possible that Na*
accumulated in the quinoa roots through passive transport until reaching an
equilibrium with the root medium, which will also facilitate the uptake of water. The
entry of Na* into the root cells is mediated by uniporters such as LCT and NSCC
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(Munns et al. 2020a). The root Na* concentration will not rise anymore when efflux
of the additional Na* to the root medium balances the influx (Britto and Kronzucker
2015). The efflux of Na* to the root media is an energetically expensive process,
probably mediated by a Na*/H* antiporter; until now, the only transporter known to
be associated with Na* efflux is SOS1 (Britto and Kronzucker 2015). The lower levels
of Na*® in quinoa leaves compared to roots may at least partly be attributed to
prevention of Na* entry into the xylem from the root cortex. The mechanisms of Na*
retrieval from the xylem are largely unknown; one of the most likely candidates
involved in this process is the HKT-type 1 transporter that at elevated levels of Na*
works as a Na* uniporter at the root-xylem symplast interface (Peleg et al. 2011). A
transcriptome analysis using RNA-seq was performed to identify candidate
transmembrane proteins in quinoa roots and leaves, but based on expression
profiles, no clear candidates for ion transporters were identified (Schmdckel et al.
2017) Therefore, the molecular mechanisms related to Na* uptake, efflux to the root
medium and retrieval from the xylem in quinoa remain unknown.

The middle panel of Figure 1 illustrates the CI- distribution in different tissues of
quinoa at no, moderate and high salinity at the onset of flowering. The [CI7] in the
roots was similar to that of the root medium under moderate stress, but lower than
the root medium under severe stress, which points to different strategies employed
by quinoa at different levels of salinity. Under high salinity, Cl- was significantly lower
than Na* in the roots, thus electrochemical balance might be achieved by the
accumulation of organic acids. Under moderate salinity, the rate of CI- exclusion was
lower, which might also facilitate water uptake and a less important role for organic
solutes to contribute to electrochemical balance. The distribution of CI- within the
plant tissues was opposite to that of Na*: CI- concentration increased from roots, to
stems to leaves, which indicates a lower rate of CI- exclusion from leaves than Na*
exclusion (though still very high). The higher levels of CI- than Na* measured in
leaves plus the gradient in CI- concentration from roots to leaves suggest a lower ClI-
toxicity than Na* in quinoa leaves. Under moderate stress, leaf [CI7] had a positive
correlation with transpiration and vyield, implying that its accumulation in leaves
without reaching toxic levels (most likely compartmentalized in vacuoles) contributes
to higher growth rates (Chapter 5). It has been reported that high concentrations of
CI- in the shoot can affect plants in several ways. Principally, CI- had a negative
effect on photosynthesis by inhibiting gas exchange and causing a decline in
chlorophyll content (Henderson et al. 2014). This kind of damage was not observed
in quinoa, demonstrating its capacity to tolerate high CI- levels in leaves. CI- also
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affects plant growth by competing for the same ion transporters with NO3~, which
might cause NO;~ deficiency in the long-term (Teakle and Tyerman 2010). We
explored the nitrate concentrations in quinoa leaves and found relevant differences
between varieties: the nitrate concentration was not affected by salinity in Pasto,
while it was strongly reduced (by 73 %) in selRiobamba (Chapter 2). Whether the
ability of a genotype to maintain high levels of nitrate under salt stress contributes to
salt tolerance in quinoa remains to be determined. Future research on CI/ NO3~
transporters in quinoa might give insight in the differences in Cl- exclusion rate
between salt treatments and its relation with NO;~ retention between genotypes. CI-
exclusion from roots might be controlled by regulating the activity of proton co-
transporters (CCC), which are the most important transporters for Cl- uptake (Li et
al. 2017). Differences in the selectivity for CI- and NO3;~ have been suggested for
SLAC (Slow-type Anion Channel) and NPF (Nitrate transporter proteins) (Henderson
et al. 2014; Li et al. 2017; Munns et al. 2020a).

A major constraint of salt stress for plants is the reduced availability of K* in
saline soils due to the abundance of Na*, and the competition of both ions for the
same transporters and enzyme binding sites (Shabala and Cuin 2008). The lower
panel of Figure 1 shows the distribution of K* in quinoa tissues under control
conditions, moderate and high salt stress at the onset of flowering. In all the
conditions, an increasing gradient of K* concentration was seen from roots to stems
to leaves. It is known that quinoa has the unique feature to maintain a high K* in the
shoots under saline conditions, even when Na* concentrations are high (Schmdckel
et al. 2017; Shabala et al. 2013). In our experiments, leaf [K*] was not significantly
affected or slightly increased by moderate salinity, and significantly increased by
high salinity. In Chapter 2 we reported that under salt levels higher than seawater
(55-65 dS/m) the leaf [K*] increased almost 3-fold. Orsini et al. (2011) reported the
highest increase of K* in leaves under a salt treatment of 750 mM NaCl. The ability
to maintain [K*] in leaves seems to be a response of quinoa to moderate stress,
while the active accumulation of K* is a strategy to survive extreme saline conditions.
K* might contribute to the osmotic adjustment in leaves, and at the same time
compensate for the increased levels of Na* under high stress. However, K* retention
in leaves under salinity comes at a high metabolic cost. Na* causes a depolarization
of plasma membranes, which reduces K* electrochemical gradient (Rubio et al.
2020). In these conditions, it has been estimated that 1-2 mol ATP are required to
accumulate 1 mol of K* under saline conditions (Munns et al. 2020a). We also
reported genotypic differences for K* accumulation; the variety Pasto had the highest
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levels of K* at all salt concentrations. The relation between varietal differences in K*
retention and growth is discussed in section 1.6.

1.2 Estimating the rate of Na* exclusion from leaves

We have established in this thesis that an important response of quinoa to
salt stress is its extraordinary capacity to exclude Na*, especially at (for quinoa) mild
salinity. Plants need to exclude almost all the Na* present in the root medium to
prevent rapid accumulation of Na* in transpiring leaves to toxic levels. Munns et al.
(2020a) argues that even by excluding 98 % of Na* (from entering to the roots or
loading into the xylem), the Na* concentration in the shoot will equal that of the root
medium within a few weeks. The rate of Na* exclusion from shoots can be estimated
using a model for the Na* concentration and the transpiration rate (Munns et al.
2020b). Box 1 describes the strategy and considerations that are taken into account
for the estimation of Na* exclusion in quinoa.
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Box 1. Calculation of Na* exclusion from leaves

The rate of Na* exclusion from leaves was estimated based on measurements of [Na*] in leaves
throughout the season and the transpiration rate of the plants following the ideas from (Munns et al.,
2020b). These considerations were taken into account:

Data from transpiration and plant growth in leaves were obtained from Chapter 4

Salt stress started five weeks after sowing

After six weeks of salt stress (11 weeks after sowing) no further daily increase in transpiration was
assumed (plant growth reaches a plateau)

Stress modelled for this example: 200 mM NaCl

Two varieties with different Na* accumulation patterns were analyzed: Pasto and selRiobamba
[Na*] in young leaves were obtained from measurements in Chapter 4 (2 and 6 weeks after
stress) and Chapters 2 and 5 (8, 10 weeks after stress)

Following these considerations, a model for the accumulation of Na* in young leaves based on the
exclusion of Na* from the transpiration stream is presented below. Dots indicate the measurements of
[Na*] in young leaves: in grey from Chapter 4 and in black from Chapter 2 and 5. A blue straight line
depicts the modelled course for Na* accumulation in Pasto and a blue dotted line the modelled course
for Na* accumulation in selRiobamba based on the estimated rates of exclusion. Following this model,
young leaves would equal the [Na*] in the root media after three weeks of salt stress for selRiobamba
and six weeks of salt stress for Pasto.
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Our data indicate that the uptake rate of Na* in quinoa is slightly higher at
the beginning of salt exposure (two weeks of stress) than after the third week of
stress (Box 1). This pattern was observed in all the measurements described in
Chapters 4 and 6. A higher uptake rate of Na* as a relatively early response to salt
stress has been reported for other species, like barley (Munns et al. 2020b). This
higher uptake of ions as an early response to salt stress may support osmotic
adjustment, thus countering the effects of osmotic stress. After this initial phase, the
plants might increase the Na* exclusion rate to prevent toxic concentrations in the
leaves. Based on our data, keeping the level of Na* as low as possible appeared to
be especially important during flowering; this was observed in all the experiments
and genotypes examined.

The predicted Na* exclusion rates (depicted as lines in Box 1) fits well with
the Na* contents measured in leaves (depicted as dots). By using the measured
variations in daily transpiration for both varieties (Chapter 4), we determined that the
differences in [Na*] in the leaves from Pasto and selRiobamba are caused by
differences in the Na* exclusion rate, more than differences in transpiration rate.
According to our predictions, during the first two weeks Pasto excluded 98 % of the
Na* in the root medium and selRiobamba 97 %. After two weeks, the exclusion rate
increased to 99.7 % for Pasto and 99.5 % for selRiobamba. Even at the high
exclusion rates estimated in this model, the observed exclusion rate appeared to be
even higher (lower Na* content) by the end of the growing season. It is important to
notice that the model was made from measurements after two and six weeks of salt
stress (Chapter 4), while [Na*] after eight and ten weeks of stress were obtained
from a different experiment (Chapters 2 and 5). The deviation of the predicted from
the measured data could be due to differences between experimental conditions.
Other factors, such as a lower transpiration rate at the end of the season, or the
accumulation of ions in other tissues (e.g. older leaves) could have also contributed
to the differences between predicted and measured [Na“*].

Osmotic adjustment (OA) is one of the main responses of plants to salt
stress or drought (Turner 2018). OA can be achieved by synthesizing organic
compounds or by the uptake of solutes from the surrounding medium. Halophytes
are characterized by their capacity to use ions for this purpose (Flowers and Colmer
2008). Despite the high exclusion rates of quinoa, Na* and CI- accumulate in the
tissues and this can contribute considerably to OA. In addition, K* also increases, so
it can also contribute to osmotic adjustment, especially under high salinity. However,
it has been reported that organic osmolytes (especially proline and betaine) also
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contribute to the osmotic adjustment of quinoa (Orsini et al. 2011; Shabala et al.
2012). The contribution of organic osmolytes might be important especially during
the first weeks of exposure to salt stress when the concentration of Na* and CI- in
the roots is lower than the root medium (Chapters 2 and 4) and, depending on the
exclusion rate, is even lower in the leaves. OA achieved by synthesizing de novo
organic solutes has been reported as a energetically expensive process (Munns et
al. 2020b). A possibility to avoid or lower this cost would be to make use of solutes
already available in the plant. In addition to the ions taken up from the soil, it is
suggested that quinoa may use solutes that are stored in epidermal bladder cells
(EBCs) (Kiani-Pouya et al. 2017) (See section 1.5). Until now, the content of EBCs
has not been measured directly, only by comparing leaves before and after brushing
the bladders (Kiani-Pouya et al. 2017; Orsini et al. 2011). Based on this comparison
and knowledge from other species, it is known that EBCs contain a broad range of
organic solutes, including sugars, alcohols and amino acids (Barkla and Vera-
Estrella 2015). The ability of quinoa to use solutes stored in bladders for early
osmotic adjustment under salt stress would be another example of the adaptive
capacity of quinoa to face the environmental challenges of salinity or drought.

1.3 Exploring the unique machinery of K* selectivity and accumulation in
quinoa

The remarkable capacity to maintain K* under salt stress is one of the most
distinctive responses to salinity of quinoa. Revealing the mechanisms and
transporters involved in the uptake and distribution of K* in different tissues might
enhance our understanding of the role of K* in salt tolerance, and give insight in the
(metabolic) trade-offs of increasing K* concentrations in leaves under saline
conditions.

We performed an in-silico exploration of K* channels and transporters in the
genome of quinoa (Jarvis et al. 2017) and found a remarkably high abundance and
diversity of K* transporters compared to other species reported in literature (Lebaudy
et al. 2007; Véry et al. 2014). Potassium-ion transport across plant membranes is
mediated by several families of transporters and channels. In brief, potassium
channels include the Shaker-type channels (9 genes in Arabidopsis) and the
Tandem-Pore channels (TPK) (6 genes in Arabidopsis). Potassium transporters
include the KUP/HAK/KT transporters (13 genes in Arabidopsis) and the HKT
transporters (1 gene in Arabidopsis) (Lebaudy et al. 2007; Shabala and Cuin 2008).
The Shaker-type potassium channels are low-affinity K*-selective voltage-gated
transporters located at the plasma membranes while TPK channels mediate the
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transport of K* into and out from vacuoles (Lebaudy et al. 2007). KUP/HAK/KT
transporters are ubiquitously present in tonoplast and plasma membranes of all plant
tissues. They are K*/H* active symporters involved in high-affinity K* transport and
have a pivotal role especially in conditions of K* starvation (Szczerba et al. 2009;
Véry et al. 2014). Finally, HKT transporters might have a dual function as K*/Na*
symporters at low [Na*] and as Na* specific transporters at higher [Na*] (Véry et al.
2014).

Table 1 summarizes the K* transporters annotated in the quinoa genome
and the potential function inferred from homologues of these transporters in other
species (Arabidopsis, barley, rice, pepper, tomato, Mesembryathemum crystallinum,
among others). The abundance of K* transporters in the quinoa genome is intriguing.
As an example, 9 genes have been annotated as Shaker-type channels in
Arabidopsis (Lebaudy et al. 2007), and 11 genes in poplar (Zhang et al. 2010) while
in quinoa 17 genes have been annotated with multiple copies for some of these
transporters: AKT1 (5 copies), KAT1 (4 copies). This suggests a redundancy of
transporters for K* homeostasis. We performed a preliminary evaluation of the
expression of these transporters in leaves of quinoa plants growing under high salt
stress (400 mM NaCl), also summarized in Table 1 (unpublished results).
Interestingly, the majority of the identified transporters were constitutively expressed
in leaves under control and stress conditions. One of the differentially expressed K*
transporters in quinoa leaves was AKT2. This transporter is thought to be involved
in K* loading/ unloading into/from phloem sap and is associated with long-distance
transport of photo-assimilates (Gajdanowicz et al. 2011). In our exploration, AKT2
was downregulated in young leaves under high salinity. Whether this contributes to
avoid K* leaking through the phloem, or influences the source-to-sink balance under
salinity remains to be explored. In addition, studying the expression of these
transporters in different tissues and different time points throughout the season might
clarify their role in salt tolerance of quinoa. In Chapter 5, we found QTLs for [K*] in
young leaves. In the PxRC population, some of the identified alleles were inherited
from Pasto and possibly relate to the higher leaf K* content of this variety. We
explored the position of K* transporters in the genome of quinoa and some of them
where located in the vicinity of QTL regions (less than 10 cM apart). As an example,
genetic region 3 (upper part of linkage group Combi_A_LG02) contained several
QTLs for [K*] and K*/Na* under salinity (Chapter 5), and also harboured several of
the K* transporters listed in Table 1. A closer look to this genomic region might give
insight in the contribution of these transporters and possible regulators involved in
the K* homeostasis of quinoa under salinity.
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Table 1. Summary of K* transporters annotated in quinoa genome, their reported roles in other species
and expression in quinoa leaves under control and salt stress (400 mM NaCl). Information from other
species was summarized from (Lebaudy et al. 2007; Szczerba et al. 2009; Véry et al. 2014). Gene copies
annotated in the quinoa genome for each transporter are identified between parenthesis with the prefix
AUR).

K* transporters annotated in quinoa IHomqugues in other species Role reported in other species |Expression in quinoa leaves

Shaker- type channels

AKT1 (AUR62033444; AUR62041838; AKT1 K* uptake in roots Constitutive

AUR62030683; AUR62011066; AUR62032344)

KAT1 (AUR62030205; AUR62039778; KAT1 Stomata aperture Downregulated by salinity

AUR62021243; AUR62016037)

AKT2 (AUR62042717; AUR62014210) AKT2 Phloem loading-unloading Downregulated by salinity

SKOR (AUR62042218; AUR62038878; SKOR K* translocation to the shoot Constitutive

AUR62018137; AUR62037748; AUR62034475)

KAB1 (AUR62020272; AUR62037730) KAB1 Not defined Constitutive

TPK channels

TPK1 (AUR62021824; AUR62036413, TPK1 Vacuolar K* channel Constitutive

AUR62036440; AUR62012835; AUR62017082)

HAK/KUP/KT transporters

CqPOTS (AUR62033186; AUR62028032) ATHAKS K* uptake in roots from low external |Constitutive
concentrations

CqHAK19 (AUR62010943; AUR62010943) OSHAK19 K* uptake in roots from low external |Constitutive; not expressed
concentrations

CqHAK13 (AUR62040746; AUR62026895) OSHAK13 Not defined Constitutive

CqPOT4 (AUR62042858; AUR62017474) ATKUP3=ATKT4 Developmental processes: Turgor- |Downregulated by salt stress
driven cell expansion

CqHAK7 (AUR62010772; AUR62019774) OSHAK7 Developmental processes: Turgor- |Not expressed
driven cell expansion

CqPOT2 (AUR62031491; AUR62012363) ATKUP/HAK/KT2 Developmental processes: Turgor- |Constitutive
driven cell expansion

CqPOT6 (AUR62005353; AUR62014006) ATKUP/HAK/KT6 Developmental processes Upregulated by salt stress

CqPOT8 (AUR62042411; AUR62035954) ATKUP/HAK/KT8 Developmental processes Constitutive

CqPOT1 (AUR62037170; AUR62025122) ATKUP/HAK/KT1 Developmental processes Not expressed

CqHAK12 (AUR62026619; AUR62034910) OSHAK12 Developmental processes Constitutive

CqPOT7 (AUR62020155; AUR62001622) ATKUP/HAK/KT7 K* uptake (available in high Constitutive
concentrations)/ long distance
transport

CqPOT12 (AUR62005354; AUR62014007) ATKUP/HAK/KT12 Not defined Not expressed

CqHAK17 (AUR62003489; AUR62017798) OSHAK17 Not defined Constitutive

HKT transporters

HKT1 (AUR62027136; AUR62012937) IHKTl Na* selective Not expressed
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1.4 The role of Epidermal Bladder Cells (EBCs) revised

A distinctive anatomical feature of quinoa is the presence of Epidermal
Bladder Cells (EBCs) especially in young tissues (seedlings, expanding leaves,
buds, meristems, young stems, etc.) (Figure 2). It has been proposed that EBCs
function as salt bladders and are able to sequester 1000-fold more Na* than cellular
vacuoles, and can accumulate up to 40 % of the total Na* and CI- content in leaves
(Orsini et al. 2011; Shabala et al. 2014; Kiani-Pouya et al. 2017). Some halophytes
(recreto-halophytes) have the capacity to store and secrete salt through salt bladders
or salt glands (Dassanayake and Larkin 2017; Yuan et al. 2016). Salt bladders
should not be confused with salt glands. Salt bladders are modified trichomes
composed of one bladder cell that can be surrounded by stalk cells, while salt glands
are more complex multi-cellular structures composed by collecting and secretory
cells. Salt secretion is also different between bladders and glands: in bladders salt
is sequestered in the vacuoles of these specialized cells; eventually, the bladders
break and the salt is deposited in the surface of the leaves where it can be washed
out by rain or wind. (Dassanayake and Larkin 2017). The proportion of salt excreted
through bladders depends on the species. For example, the salt marsh Spartina
anglica secretes up to 60 % of the absorbed salt, while Glaux maritima can secrete
just 20 % of the total salt (Dassanayake and Larkin 2017). Mesembryanthemum
crystallinum (ice plant) is considered a model for salt secretion through bladders.
EBCs in ice plant contribute to salt sequestration and are also reservoirs of water,
inorganic and organic compounds. Following salt stress, EBCs of ice plant can
sequester up to 30 % of the total Na* and CI- in the leaves (Agarie et al. 2007).

The reports of EBCs as salt dumps in quinoa are based on the indirect
estimation of the ion content in these structures by comparing ion contents of
brushed and un-brushed leaves. In Chapter 2 we directly measured the ion content
in EBCs from young leaves. From the total amount of ions in the leaves, EBCs
accumulated 5 % of Na*, 6 % of Cl- and 15 % of K*. Based on these measurements,
storage of salts in EBCs is not likely to contribute much to reducing Na* and CI-
levels in the leaves as has been suggested, at least not in the genotypes included in
this thesis. Kiana-Pouya et al (2017) reported that removing the EBCs in quinoa
resulted in a salt-sensitive phenotype, which would indicate that EBCs are important
for salt tolerance. Based on our results, we cannot exclude a possible contribution
of EBCs to the salt tolerance of quinoa, but at least in our conditions an important
role for EBCs in ion homeostasis seems unlikely. Other functions than salt dumps
have been postulated for these cells. They could be water reservoirs and function as
a secondary epidermis; this will be beneficial for the water balance in the leaves
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allowing the opening of stomata while minimizing water loss through cuticular
evaporation. It has also been proposed that EBCs accumulate several compounds
such as malate, flavonoids, betacyanin, pinitol, inositol and Ca?* oxalate that can
participate in several roles such as UV protection, stress signalling and ROS
detoxification (Shabala and Munns 2017).

Figure 2. Epidermal bladder cells (EBCs) in quinoa in young tissues (left), under a light microscope
(middle), and under a scanning electron microscope (right).

1.5 Physiological adaptations to increase resource use efficiency

The abundance of ions in salinized soils reduces water availability for roots.
Ultimately, the adaptations in ion homeostasis of the plants discussed above
contribute to salt tolerance and enable growth under stress conditions as long as
they facilitate water uptake and balance within plant tissues. In this section we
examine additional physiological features in quinoa related to the dynamics of plant
water status and its relation to plant growth.

When water availability in the root media decreases and the water supply to
transpiring leaves is insufficient, a common response of plants is to close their
stomata to avoid loss of turgor, which leads to a decline in transpiration (Vadez et al.
2014). Moderate salt stress reduced the average stomatal conductance (gs) in
quinoa by 35 % (Chapters 4, 5, 6), while under high salinity, gs was reduced by 60
% (Chapter 2, 4). Stomatal closure also limits CO, uptake, which is why it constitutes
a major limitation to photosynthesis under salinity (Chaves et al. 2011). However,
the impact of stomatal closure on CO, conductance is less than for water due to
differences in the size and diffusion properties of these molecules (Condon et al.
2004). As a result, closing stomata up to a certain threshold can reduce water loss
while maintaining sufficient CO, uptake to sustain biomass gain (Peleg et al. 2011).
To further understand the balance between water loss and carbon gain in quinoa,
we used a high-resolution phenotyping platform (Plantarray®) in Chapter 4 and
analysed how water relations are affected by salt stress.
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Salinity strongly increased the water use efficiency (WUE) of quinoa plants.
At the whole-plant scale, WUE is the ratio of biomass accumulation to water use over
a period of time. An increased WUE has the potential to support greater carbon gain
and productivity relative to the amount of water used by the crop. However, an
increased WUE driven by lower water use is generally associated with conservative
growth and can be an undesirable trait for productivity (Leakey et al. 2019). It has
been pointed out that the benefits of an increased WUE are higher under severe
stress, whereas under moderate stress it can be associated with too high yield
penalties (Vadez et al. 2014). WUE is influenced by many traits including
photosynthesis, stomatal and mesophyll conductance (gm), canopy structure as well
as environmental factors such as water availability in the soil, temperature,
atmospheric vapour-pressure deficit (VPD) (Leakey et al. 2019). Below we discuss
different traits in quinoa that influence WUE and that might be modulated to increase
WUE while simultaneously achieve higher productivity under salinity.

A reduction in gs reduces the loss of water through stomata, but plant
adjustments in the regulation of stomatal closure and sensitivity to environmental
changes can minimize the drawbacks from this reduction. An example is the
sensitivity of stomata to VPD; closing stomata when VPD is high (midday) and keep
stomata open at the beginning of the morning when VPD is low favours CO, intake
and limiting water loss (Sinclair 2018). Variations in stomata behaviour throughout
the day and influences of the environmental conditions were more accentuated
under salinity in quinoa plants than under control conditions (Chapter 4, figure 6).
As a result, WUE under control conditions was stable during the day, but fluctuated
under salinity due to the diurnal control of stomatal opening. How much water might
be saved by quinoa plants in the long term by the diurnal control of stomatal opening
remains to be estimated. We also observed a spatial control of stomatal opening
under salinity. The gs reduction under salinity compared to control conditions was
higher on the adaxial than the abaxial side of the leaves, possibly because the lower
side of the leaves is less prone to water loss due to evaporation. The differential
regulation of adaxial vs abaxial gs under salinity has not been reported before and
may contribute considerably to improved WUE. In addition, the regulation of the
adaxial/abaxial gs ratio evidences the limitations of standard porometer
measurements of gs on only one side of the leaves. In summary, quinoa appears to
have an adapted stomatal behaviour to maximize CO, intake while preventing water
loss. Genotypic differences and plasticity for these regulations might be additional
strategies to improve quinoa productivity under salinity.
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WUE is also influenced by anatomical adaptations in the leaves. WUE is
negatively correlated with specific leaf area (SLA): genotypes with thicker leaves
show a higher WUE (Vadez et al. 2014). SLA can be used as a proxy for the
carboxylation efficiency of the mesophyll; higher chlorophyll content from more
packed mesophyll cells (lower SLA) leads to more active removal of intercellular CO,
(Ci) from the stomatal chamber, thus reducing the intercellular/ atmospheric CO,
(Ci/Ca) ratio and increasing WUE (Vadez et al. 2014). In Chapters 2 and 4 we
established that the most-affected growth parameter at high salinity in quinoa is SLA.
Under moderate salinity, genotypes with lower SLA and relatively high gs show a
higher salt tolerance index (STI); the genotypes had a slightly lower surface area for
water loss and possibly a higher gm/gs, both favourable traits to grow under salinity.
QTLs for SLA have been considered to be contributing to WUE in several species
(Vadez et al. 2014). It will be interesting to explore if the QTLs for SLA found in
Chapter 5 under salinity point to genetic determinants of anatomical changes that
influence water management in quinoa.

A decrease in SLA can also negatively affect WUE by limiting mesophyll
conductance (gm) (Flexas et al. 2008; Moshelion et al. 2015). However, this will
depend on the anatomical changes linked to the reduction of SLA. For example, a
thicker mesophyll (more layers and packed cells) will increase gm and positively
affect WUE, while a lowered SLA due to the thickening of mesophyll cell walls will
decrease gm and negatively affect WUE (Ouyang et al. 2017). Our exploration of the
remodelling of quinoa cell walls under salinity (Chapter 3) did not point to the
thickening of cell walls through lignification; on the contrary, the changes in the
composition of the cell walls point to a more flexible and hydrated structure that may
possibly enhance gm. Understanding the structural changes that influence gm and
possibly other physiological adaptations related to this trait (such as the expression
and activity of aquaporins) (Ouyang et al. 2017) will help to be able to increase the
gm/gs ratio, which has been proposed as cost-efficient way to improve and breed for
WUE (Condon 2020).

1.6 Plant economics and salt tolerance

All the quinoa genotypes examined in this thesis displayed a relatively high
level of salt tolerance compared to other food crops. However, clear differences were
found in individual genotypes for salt tolerance traits that affected their performance.
Among the varieties, Pasto was noticeably different from the others in many of the
measured traits. Pasto had the lowest [Na*] and [CI] in the leaves and the highest
[K*]. In addition, it had the highest reduction in transpiration and the lowest growth
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rate, which was mostly associated with a decreased SLA. These traits point to a
“conservative growth” strategy aimed at survival that is reflected in reduced growth
and a higher investment in metabolically expensive stress tolerance traits (K*
retention, cell wall elasticity). In other varieties like selRiobamba, Atlas and Red
Carina transpiration was less reduced by saline conditions, Na* and ClI- accumulated
to higher levels in the shoots and [K*] in leaves was maintained, but did not increase
as much as in Pasto. These varieties appeared to follow an “acquisitive growth”
strategy aimed at continued growth especially under moderate salt stress (Figure
3A). The relation between allocation of resources, functional traits and stress
tolerance has been extensively studied (Balachowski and Volaire 2018; Reich et al.
2003). Fast growers or “acquisitive-growth” plants are normally more productive
under moderate stress, but under prolonged or severe stress they might exhaust the
limitedly available resources, risking plant failure and death. On the other hand, slow
growers or “conservative growth” plants are typically more penalized under moderate
stress, but better survivors under more severe conditions.

Quinoa is characterized by its rich genetic diversity (Ruiz et al. 2014). In this
thesis we explored European commercial varieties, mapping populations resulting
from crosses of these varieties and a collection of 22 genotypes of the Inter-Andean
valley ecotype collected from Ecuador. The Ecuadorian material showed interesting
properties for several agronomical traits (seed yield, yield stability, thousand seed
weight (TSW)) and high salt tolerance similar to the European varieties. We also
found genetic variation for salt tolerance traits, for instance with respect to the energy
allocated to growth or tolerance adaptations. For this material, the best performers
under moderate salinity also showed an “acquisitive-growth: higher transpiration and
higher [Na*] and [CI7] in leaves. It will be interesting to see whether the most salt
tolerant quinoa genotypes reported in literature (e.g. originated from the Salares of
Bolivia) (Hinojosa et al. 2018) contribute with different traits or balance of resources
than the material evaluated in this thesis.

Plants growing in saline conditions experience major changes in energy
metabolism, many of them associated with the strategy they use to distribute
resources devoted to growth and the mitigation of stress (Sanders 2020). Salt
tolerance can be defined in terms of energy consumption by the plants (Munns and
Gilliham 2015; Zorb et al. 2019). Plant resources (carbon and energy) can be
allocated to two main purposes: growth and maintenance (Amthor 2000). The
allocation of photosynthates is strongly dependent on plant species, developmental
stage and environmental conditions, but a conservative estimate for allocation to
maintenance respiration of 45 to 60 % was proposed (Amthor 2000). For the purpose
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of this analysis we will assume that under control conditions 50 % of the available
resources is allocated to maintenance respiration and the remaining 50 % to growth.
Based on the reduction in the radiation use efficiency (RUE) estimated in Chapter 4
we can calculate the reduction in the percentage of assimilates allocated to growth
due to salinity; consequently, these resources might be invested in specific
adaptations to salt stress (Figure 3B). Even though this analysis is a simplified
alternative to examining the cost of salt tolerance that was proposed before (Munns
and Gilliham 2015; Zoérb et al. 2019), it allows a comparison of the amount of
assimilates invested by different genotypes for salt tolerance. It also allows to
compare the growth responses of “conservative” and “acquisitive” backgrounds.
According to this estimation, under moderate salinity, Pasto allocated 20 % less
assimilates to growth that were used for salt tolerance, while selRiobamba allocated
just 5 % less assimilates to growth. Under high salinity, Pasto allocated 35 % less
assimilates to growth, and selRiobamba 30 %. From a crop-productivity perspective,
“acquisitive-growth” varieties will be preferred since they allocate more assimilates
into biomass and seed yield. However, “acquisitive-growth” can be risky if the stress
becomes more severe or prolonged, which would possibly exhaust all the available
resources for the plant and promote plant failure. It is also interesting to point out
that under field-like conditions (Chapter 5) Pasto had higher salt tolerance than
“acquisitive” varieties like Red Carina or Atlas. Under moderate salt stress and field
conditions, the “energy-expensive”’ tolerance traits use by Pasto could be
compensated by other parameters, such as a higher harvest index and TSW than
the other varieties under salinity. The interesting conclusion from this comparison is
that flexibility or plasticity in plant metabolism and functional traits in quinoa can
provide the most cost-effective adaptations to perform well in saline environments
(See section 2).
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Water management
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Figure 3. A) Comparison of growth strategies of two quinoa varieties (Pasto and selRiobamba). The
thickness of the arrows indicates the differences in functional traits between “conservative” and
“acquisitive” genotypes under salinity. B) Assimilates distribution in quinoa under control, moderate and
high salt stress. The reduction in RUE under salinity was used to calculate the amount of assimilates that
are allocated into salt tolerance (in orange) instead of growth (in green). Based on the estimations from
(Amthor 2000), it was assumed that 50 % of assimilates are allocated into maintenance respiration under
control conditions.
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Part Il: Prospects of salt tolerance research: the role of quinoa

The Amaranthaceae family includes a remarkably high number of
halophytes, and several species from this family, for instance Suaeda and Salicornia
have been explored as models to study the salt tolerance response of halophytes
(Song and Wang 2014). While research in these species can provide novel insights
into adaptations of plants to extreme environments, it is less likely that these
mechanisms can be directly translated to crops; the low growth rates of most
obligatory halophytes is not compatible with crop productivity (Cheeseman 2015).
Quinoa, however, is a good alternative. The main advantage of using quinoa to
understand salt tolerance in plants is its ability to withstand a broad range of salinity
levels: it is considered a facultative halophyte. With some exceptions (Ruiz et al.
2016b), most of the quinoa genotypes grow better in the absence of salt (the main
difference with obligatory halophytes). This means that is has adaptive mechanisms
that can be activated to withstand salinity rather than constitutive salt tolerance
processes in their metabolism that need to be adapted to non-saline conditions. In
addition, by comparing the growth of quinoa at different levels of stress, we can
differentiate cost-effective adaptations and traits that favour growth under mild stress
conditions from conservative or survival adaptations that support survival under
severe stress at the cost of growth. This approach could also facilitate the calculation
of the energy costs of salt tolerance, an important topic in the current research of
salt tolerance (Munns et al. 2020a).

Besides utilizing alternative crop species as models for tolerance
mechanisms, salt tolerance research has benefited and will continue to benefit from
biotechnological tools, automatized phenotyping technologies and the integration of
plant traits into mechanistic crop models. For instance, crop models can help to
understand the interaction of gs, gm, SLA and the contribution of this interaction to
an increased WUE and water productivity. The input data for such models might be
obtained from high-throughput automatized phenotypic technologies based on
hyperspectral reflectance, thermal and chlorophyll fluorescence, gas exchange,
magnetic resonance imaging (Pieruschka and Schurr 2019). In Chapter 4 we used
one of these platforms (Plantarray®) and demonstrated the advantages of obtaining
high temporal-resolution data that give insight in plant responses throughout the
whole season. The integration of high-resolution data into crop models will set the
pace for future salt tolerance research, and ideally will facilitate the construction of a
plant ideotype for salt tolerance. Based on the knowledge acquired from this thesis,
| present below a few features of a first draft on what | consider a quinoa ideotype
will look like (Figure 4).
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¢ lon exclusion: This ideotype will have a high rate of ion exclusion. Based on
our measurements, at early stages of salt stress the exclusion rate will be
similar to other tolerant plants (~ 98 %), which indicates that quinoa is able
to tolerate Na* and CI- concentrations in tissues up to a certain level. The
intake of ions during these weeks will support osmotic adjustment and
growth in a cost-effective way. If the stress remains for longer periods and
ion concentrations rise in the shoots, the plant will be flexible and fast in
strengthening ion exclusion (> 99 %). This will require additional energy but
protect tissues from potential ionic damage.

¢ K* maintenance: The plant requires transporters that are highly selective for
K* despite the abundance of Na*. In all the assessed genotypes the K*/Na*
was never lower than one, while in most plant species under saline
conditions it drops to well below 1. Shoot [K*] should follow [Na]. In spite of
the metabolic cost, if [Na*] increases, K* should be the main contributor to
the tissue tolerance of the plant. Possibly, the ability of quinoa to raise [K*]
(especially when [Na*] rises) is the main “facultative” trait of this species.

o Decrease of specific leaf area (SLA): In this hypothetical phenotype, SLA
should be negatively correlated to the severity of the stress. SLA reduction
will be caused by a thicker mesophyll (more cell layers) and not by an
increased amount of cell wall (lignification). This reduced SLA will have
several benefits for the plant: increase in photosynthetic efficiency by a
higher concentration of Rubisco and chlorophyll, increase in gm, slight
increase in succulence that might dilute ion concentrations, and decrease
transpiration with less impact on gs, which will not compromise the cooling
of the canopy.

e Responsive stomata: This plant requires a responsive control of stomatal
opening to maximize water saving. Some of the responses assessed in this
thesis have the highest peaks of gs in the morning and lowest gs at the
peaks of VPD, and a higher stomatal reduction in the adaxial than the
abaxial side of the leaves. This responsive control of stomatal opening will
contribute to a “smart” increase in WUE that will not be associated with a
lower growth of plants.

¢ Increase in elasticity and hydration capacity of cell walls: This adaptation will
create plastic cell walls capable to protect cell integrity in spite of changes
in turgor pressure. In this way, cell wall remodelling under stress will not be
just a consequence of the stress, but an adaptive response to a changing
environment.
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Epidermal bladder cells: Based on our results, it is unlikely that EBCs
contribute to the ion homeostasis of quinoa. However, this anatomical
feature might contribute to reduce cuticular evaporation from leaves.
Redistribution of assimilates: Changes in the allocation of assimilates in the
plant might play a pivotal role for quinoa productivity under salinity. An
increase in harvest index reduced the impact of salt in yield under field-like
conditions. We also measured an increase in the biomass allocation into
roots; the contribution of this trait to the tolerance of quinoa deserves further
exploration.

Growth plasticity: This plant might have the flexibility to switch from
“acquisitive” to more “conservative” growth traits depending on the severity/
duration of the stress. Under short-term/ mild stress, “acquisitive” traits might
be advantageous for crop productivity, while at high salinity, “conservative”
traits seem to be essential for plant survival.

This described ideotype can be made or even improved with the help of the

tools mentioned above: high-resolution phenotyping to discover more ftraits,
biotechnological tools to discover the genetic determinants of these traits and
mechanistic models to estimate the energy budgets they require. The
successfulness of this hypothetical cultivar will rely on how it can balance energy
allocated to grow and to mitigate stress.
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Figure 4. Representative ideotype for salt tolerance in quinoa based on the salt tolerance traits discussed
in this thesis.
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Part lll: The future of quinoa as a consolidated staple crop

Currently, the main targets in breeding programs of quinoa are increasing
yield and yield stability to close the existing gap between potential and actual farm
yields (Lopez-Marqués et al. 2020). The worldwide average yield of quinoa is 2-2.5
ton/ha while the maximum potential yield has been estimated as high as 8-10 ton/ha
(Choukr-Allah et al. 2016). In our trials in the Netherlands we have obtained yields
of 5 ton/ha and, under controlled conditions, we even measured yields of 12 ton/ha
for some of the Ecuadorian genotypes (Chapter 6). The yield gap questions the
competitiveness of quinoa with other crops, cereals for instance. Nevertheless, the
high market value and worldwide demand make quinoa an attractive commodity. As
an example, it was recently calculated that despite the low yield of quinoa in field
trials in the Palouse region the United States (average 1.04 ton/ha), quinoa
production was still profitable due to the price and position of the grain in the market
(Wieme et al. 2020a).

As has been stated throughout this thesis, one of the biggest incentives to
expand the cultivation of quinoa is its high resilience to abiotic stress, salinity being
arguably the main one. An evaluation of wheat and maize production in the last 20
years calculated that abiotic stress (mainly drought) reduces wheat yield by 20 %
and maize by 40 % (Daryanto et al. 2016). In these adverse conditions, quinoa can
potentially compete with major crops. With quinoa being inherently highly salt
tolerant, a relevant question is whether improving salt tolerance is a target worth
exploring in quinoa breeding programs. | believe it certainly is. Recent studies show
that salt tolerance varies significantly between quinoa genotypes (Jaikishun et al.
2019; Peterson and Murphy 2015b). Several field trials have examined the potential
of quinoa to grow in areas affected by salinity in the Middle East and North Africa
(MENA) and Central Asia, amongst others in Vietnam, China, Turkey, Algeria, Egypt,
Iran, Iraq, Saudi Arabia, Lebanon, Mauritania, Sudan Yemen and Morocco (Choukr-
Allah et al. 2016). The main conclusions of these trials are that quinoa yields are still
low and unpredictable (1.2-1.4 ton/ha), and there is high variation in the performance
of different varieties across locations. The identification and breeding of the best-
yielding varieties with good local adaptation and high nutritional quality is crucial to
move forward from experimental and field trials to a commercial production scale of
quinoa in marginal environments. Our exploration of salt tolerance traits in two
biparental populations (Chapter 5) showed that all the traits segregated in the
populations, which means that desired alleles for these traits can be identified and
incorporated in breeding programs through marker assisted selection, and improving
salt tolerance in these varieties is possible.
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It is important to consider that marginal lands often possess a wide range of
undesirable properties in addition to salinity (poor nutrition quality, dry spells,
extreme temperatures, etc.) (Kang et al. 2013). The success of cultivating quinoa in
these areas depends not only on the adaptability of salt tolerant genotypes but also
on screening and breeding of very resilient varieties capable of adapting to
combinations of these stress factors. Research on synergistic responses to these
environmental factors is being developed (Hinojosa et al. 2018) and will determine
whether quinoa can flourish in marginal areas. The screening and selection of the
most salt tolerant varieties will also broaden the irrigation options for quinoa
cultivation. Until now, a deficit irrigation strategy is considered a valuable and
sustainable production strategy in regions where intra-seasonal dry spells are
occurring (Choukr-Allah et al. 2016). Based on our results we consider that irrigation
with seawater would not be economically profitable; but certainly, cultivation of
quinoa irrigated with brackish water in for instance saline deltas of the world may be
possible. Another potential use of quinoa is as a rotation crop in dry or salinized
areas in the United States and Europe (Wieme et al. 2020b). The adoption of quinoa
as a rotation crop will depend on several factors, including the selection of locally
adapted profitable varieties, and the improvement and automatization of
agronomical practices. To sum up, salt tolerance is definitely a breeding target of
quinoa, scientifically relevant, and a key determinant of the economic profitability of
the cultivation of the crop around the globe.

Quinoa production has been increasing over the past few years. Around
2013, the so-called “quinoa boom” was characterized by a peak in its production,
and fluctuating prices (Bedoya-Perales et al. 2018). However, in the last years, the
market and the price have reached an equilibrium: the demand of the crop is still
projected to grow but in a more gradual pattern (Angeli et al. 2020). The projected
growth of quinoa cultivation for the future decades has two main drivers. The first
one, mentioned above, the potential of quinoa as an alternative to grow in marginal
lands where food insecurity and malnutrition are socio-economic ongoing problems.
In addition, the current consumer requirements put quinoa in a very strategic position
to succeed. The current market is characterized by consumer awareness and
demand of healthy and environmentally friendly products. Quinoa fits well in these
contemporary requirements: the expansion of “plant-based” diets as a strategy to
reduce land clearing by animal farming, the re-valorisation of plant-origin proteins,
the demand for functional products as well as gluten-free products, etc. There is a
general consensus that these demands will continue to rise (Angeli et al. 2020),
laying the foundations for a bright future for quinoa.
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The drivers for the expansion of quinoa are clear. Now, how can breeding
contribute to strengthen the expansion of the crop? Quinoa’s research will benefit
from the development of tools to assist the breeding of the crop at all levels. From
the sequence of the first quinoa genome (Jarvis et al. 2017), several tools are being
developed to assist breeding programs. In this thesis we implemented Allegro
genotyping®, a novel technology to identify single nucleotide polymorphisms (SNPs)
in a cost-effective manner (Scaglione et al. 2019). The markers as well as the
genome sequence are part of a molecular toolbox that will facilitate marker-assisted
quinoa breeding. Other breeding tools such as experimental populations for QTL
mapping, TILLING or mutagenesis protocols for trait detection, or the development
of strategies to shorten the seed generation time will further accelerate the
improvement of quinoa and contribute to close the existing yield gap. The
implementation of phenotyping techniques will also facilitate the screening of big
populations and the identification of desirable traits. The ultimate goal of breeding
programs is the development of varieties that combine high yield potential, tolerance
to abiotic and biotic stresses, adaptability to diverse agroclimatic zones and suitable
grain quality for food and industry.

The use of quinoa is connected to the historical and cultural cultivation by
indigenous communities in the Andean region. It has been argued that the increasing
production of quinoa in different areas in the world could threaten the growers from
native production areas, particularly smallholder farmers (Angeli et al. 2020).
However, considering the growing demand on the crop, this could rather be a unique
opportunity to strengthen the production systems of small growers and increase their
competitiveness in this growing market. As an example, the development of new
varieties with improved productivity for the harsh landscapes of the Andes (including
salinized lands) could increase the revenue of small growers. The development of
international consortia, and participatory breeding programs are potential strategies
to protect the rural economies of growers in local communities and, simultaneously,
provide access to valuable germplasm with the potential to face food insecurity in
other areas of the world (Murphy et al. 2016; Nunez de Arco 2015). It is my opinion
that protecting the smallholder farmers in the Andes is a responsibility of all the
stakeholders involved in quinoa production chains, and this can already be achieved
by the cooperation between local and international research institutes, corporate
participation and the willingness to do so from local governments and communities.
Quinoa breeding and quinoa research have the potential to benefit all the involved
actors, which will consolidate the transition of this crop from a forgotten pseudo-
cereal in the Andes to a well-established food staple commodity.
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Summary

Soil salinization is a serious threat to agriculture, jeopardizing global food
security and causing huge economic losses every year. Plants face formidable
challenges when growing under saline conditions. The high concentration of ions in
the root environment hampers water uptake, yet the accumulation of ions in plant
tissues induces cytotoxicity. Unfortunately, soil salinization is likely to increase in the
context of climate change, which lead to sea level rising and shortage of fresh-water
sources. Hence, crop production might rely on irrigation with brackish/ saline water.
In addition, the increasing global food demand calls for cultivation in less favourable
soils including saline deltas around the world. Improvement of salt tolerance of
existing crops might not be sufficient under increasing salinization, so the exploration
of new, more salt tolerant crops appears to be essential to ensure food supply.
Chenopodium quinoa is -at least outside S. America- a relatively new crop that has
gained ground due to its resilience to withstand abiotic stress, especially soil salinity.
Quinoa can potentially contribute to ensure food security and it has a healthy balance
of proteins with all the essential amino acids, carbohydrates (starch), fibre and seed
oil. In this thesis novel insights on the mechanisms and processes that underlie the
remarkable salt tolerance of quinoa are provided and traits that may be used to
improve crop salt tolerance are described.

In Chapter 2 we evaluate responses of quinoa varieties to long-term salinity (0-
400 mM NaCl) with respect to growth and ion homeostasis. We found that salinity
reduced the seed yield of the varieties (grown as spaced plants in the greenhouse)
by on average 29 % at 100 mM NaCl and up to 88 % at 400 mM NaCl. We observed
that quinoa varieties utilise salt exclusion strategies to produce relatively high yields
under mild salinity or short-term stress, while tissue tolerance mechanisms enable
the plants to survive and even reproduce under severe and prolonged salinity stress.
In addition, [K*] in young leaves increased under salinity, especially at high salt
concentrations. Likely, K* plays a role in leaf osmotic adjustment, and also protects
the cells from metabolic failure due to a low K*/Na® when Na* reaches high
concentrations in the leaves. We also examined the potential contribution of
epidermal bladder cells (EBCs) to the ion homeostasis of quinoa. EBCs accumulated
5.4 % and 6.5 % of the total Na* and CI” in the leaves, which indicates that the
storage of salt in EBCs is not likely to contribute significantly to reduce levels of ions
in the leaves.
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In Chapter 3 we focused on changes in leaf and stem cell wall composition
under a salt stress of 400 mM NaCl. We found that salinity alters the cell wall
composition by decreasing the lignin and cellulose content and increasing pectin
content. The highest variation in pectin monosaccharides was found for arabinose
that increased by 160 % in stems and 60 % in leaves. The mineral composition of
the cell wall was also affected by salinity: Ca?* decreased by 30 % and 65 % while
Na* increased by 140 % and 70 % in stem and leaf cell walls, respectively. We
suggest that these changes increase the flexibility and hydration of the cell wall,
which might help the cells to cope with changes in osmotic potential and turgor
imposed by salinity.

In Chapter 4 we investigated the salinity-induced changes in water relations
of two varieties with different responses to salinity: Pasto and selRiobamba. To this
end, we implemented the Plantarray 3.0 phenotyping platform® to monitor changes
in growth and transpiration with a high temporal resolution. Salinity reduced the
cumulative transpiration of both varieties by 60 % at 200 mM NaCl and by 75 % and
82 % at 300 mM NaCl for selRiobamba and Pasto, respectively. Stomatal
conductance was reduced by salinity, but at 200 mM NaCl Pasto showed a lower
reduction (15 %) than selRiobamba (35 %), along with decreased specific leaf area.
Both varieties had increased water use efficiency under salt stress. We propose that
contrasting water management strategies contribute to the differences in salt
tolerance between Pasto and selRiobamba. Pasto adopted a “conservative-growth”
strategy, saving water at the expense of growth, while selRiobamba used an
“acquisitive-growth” strategy, maximising growth in spite of the stress.

In Chapters 2, 3 and 4 responses of quinoa to salinity were explored using
single plants as experimental units. In Chapter 5 we switched to field-like conditions,
using crop-like plant densities (~50 plants.m™2) and a salt treatment of 250 mM NaCl.
We evaluated the agronomic performance (seed yield, thousand seed weight,
harvest index) and physiological responses to salinity of six commercial varieties. In
addition, we used bi-parental crosses from varieties with contrasting salt tolerance
responses to discover genetic factors of traits contributing to salt tolerance of quinoa.
The salt tolerance of the varieties based on seed yield ranged from 68 to 92 %. The
average salt tolerance was 67 % for the mapping population Atlas x Red Carina and
75 % for the Pasto x Red Carina population. We found QTLs for all the analysed
traits and identified putative alleles donated by Pasto associated to lower Na* and
ClI- contents, higher K* retention and lower SLA that likely contribute to salt tolerance
in the Pasto x Red Carina population.
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Natural variation in agronomical and salt stress tolerance traits within
species is a pre- requisite for crop improvement through breeding. In Chapter 6 we
evaluated the genetic diversity of 22 genotypes selected as good representatives of
the genetic diversity of quinoa in Ecuador. These accessions were grown under a
12-h light photoperiod and field-crop density under control conditions and a salt
treatment of 250 mM NaCl. All the genotypes proved to be highly salt tolerant with
an average Salt Tolerance Index based on seed yield of 78 %. This collection was
highly diverse for agronomical traits: the seed yield under control conditions ranged
from 890-1145 g/m? and the thousand seed weight ranged from 2.4-4.4 g/ 1000
seeds. This collection was diverse for salt tolerance traits as well. Na* exclusion was
the preferred mechanism under this, for quinoa, “mild” salinity stress, but some
genotypes accumulated high concentrations of Na* in the leaves. The results
reported in this Chapter demonstrate that the Inter-Andean valley ecotype from the
Ecuadorian highlands is highly diverse and constitutes an interesting genetic
resource for salt tolerance and other breeding purposes.

In Chapter 7 | integrate the insights presented in this thesis on how quinoa
responds to salt stress and analyse the potential use of this species to identify traits
that might increase the salt tolerance of current crops. | propose an ideotype for salt
tolerance characterized by a high rate of Na* and CI~ exclusion from leaves, high K*
retention (when Na* in the shoot rises), responsive control of stomata opening,
among other plastic traits associated with an “acquisitive” growth under moderate
stress and “conservative” growth under severe salt stress. Finally, | reflect on how
salt tolerance in particular, and resilience to abiotic stresses in general, are quinoa’s
strongest asset to strengthen as an emerging staple crop.
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La salinizacion de los suelos es una seria amenaza para la agricultura que
compromete la seguridad alimentaria y causa inmensas pérdidas econdmicas cada
afo. Las plantas enfrentan formidables desafios al crecer en suelos salinos. La gran
concentracion de iones alrededor de las raices dificulta la absorcion de agua vy,
adicionalmente, la acumulacion de iones en los tejidos causa citotoxicidad.
Desafortunadamente, la salinizacion de suelos incrementara en los préximos anos,
muy vinculada al cambio climatico que generara un incremento en los niveles del
mar e, indirectamente, promovera la escasez de agua dulce. Por esta razoén, la
produccion agricola dependera cada vez mas de irrigacion con agua salobre/ salina.
Adicionalmente, la creciente demanda mundial de alimentos constituye una presion
permanente para cultivar en suelos marginales, incluyendo los deltas salinos
alrededor del mundo. Mejorar la tolerancia a salinidad de los cultivos existentes
probablemente no sea suficiente frente a la creciente salinizacién de los suelos, por
lo que la exploracion de nuevos cultivos mas tolerantes serd esencial para
garantizar el suministro de alimentos. Chenopodium quinoa es, al menos fuera de
Ameérica del Sur, un cultivo relativamente nuevo que ha ganado terreno debido a su
alta resistencia a estrés abidtico, especialmente salinidad. La quinua puede
potencialmente contribuir a la seguridad alimentaria por tener un balance adecuado
de proteinas con todos los aminoacidos esenciales, carbohidratos (almidén), fibra y
aceites esenciales. Esta tesis proporciona nuevos conocimientos sobre los
mecanismos responsables de la gran tolerancia a salinidad de la quinua, y
potenciales indicadores genéticos que podrian utilizarse para mejorar la tolerancia
a salinidad de otros cultivos.

En el Capitulo 2 evaluamos el crecimiento y balance de iones de algunas
variedades de quinua expuestas a diferentes niveles de sal (0-400 mM NaCl) a largo
plazo. El estrés salino redujo el rendimiento de las variedades (cultivadas en
macetas en el invernadero) en un 29 % en promedio bajo una concentracion de 100
mM NaCl y 88 % bajo una concentracién de 400 mM NaCl. Observamos que las
variedades utilizan mecanismos de exclusién de iones para mantener un alto
rendimiento bajo estrés moderado o a corto plazo, mientras que mecanismos
asociados con tolerancia de iones en los tejidos son empleados para sobrevivir, e
incluso producir semillas, bajo estrés severo o a largo plazo. Adicionalmente la
concentracién de K* en hojas jévenes aumento en plantas cultivadas bajo estrés
salino, especialmente en los niveles mas elevados de sal. Probablemente el K*
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cumple una funcién en el ajuste osmotico de las hojas, al mismo tiempo que protege
las células de la citotoxicidad ocasionada por un desproporcionado balance entre
Na* y K*. Finalmente, evaluamos la contribucion de las vesiculas epiteliales (EBCs
por sus siglas en inglés) en el equilibrio idnico de las plantas. Las EBCs acumularon
un 5.4 % y 6.5 % del total de Na* y CI” presente en las hojas, lo que indica que la
acumulacion de sal en EBCs no contribuye significativamente a reducir los niveles
de iones contenidos en las hojas.

En el Capitulo 3 nuestro objetivo fue analizar cambios en la composicién
de las paredes celulares de hojas y tallos bajo estrés salino (400 mM NacCl).
Descubrimos que la salinidad altera la composicién de la pared celular al disminuir
el contenido de lignina y celulosa y aumentar el contenido de pectina. La mayor
variacion en los monosacaridos que conforman pectinas se encontré en arabinosa,
que incrementd en un 160 % en los tallos y en un 60 % en las hojas. La composicion
mineral de la pared celular también se vio afectada por la salinidad: el Ca**
disminuyé en un 30 % y un 65 % mientras que el Na* aumenté en un 140 % y un 70
% en las paredes celulares del tallo y las hojas, respectivamente. Sugerimos que
estos cambios aumentan la flexibilidad y la hidratacién de la pared celular, lo que
podria ayudar a las células a adaptarse a los cambios en el potencial osmético y la
turgencia impuestos por la salinidad.

En el Capitulo 4 investigamos los cambios inducidos por el estrés salino en
el balance hidrico de dos variedades de quinua (Pasto y selRiobamba) expuestas a
diferentes niveles de salinidad. Con este propdsito, implementamos la plataforma
de fenotipado Plantarray 3.0® para monitorear cambios en el crecimiento y la
transpiracién de las plantas en tiempo real. La salinidad redujo la transpiracion
acumulada de ambas variedades en un 60 % bajo el tratamiento de 200 mM NaCl
yenun 75 %y 82 % bajo 300 mM NaCl en selRiobamba y Pasto, respectivamente.
La conductividad estomatica también fue reducida por la salinidad, pero bajo el
tratamiento de 200 mM NaCl, la disminucién fue menor en Pasto (15 %) que en
selRiobamba (35 %), debido a sus diferencias en la reduccién del area foliar
especifica. En ambas variedades el estrés salino caus6é un incremento en la
eficiencia en el uso de agua. Proponemos que las estrategias empleadas en el uso
de agua contribuyen a las diferencias en tolerancia a salinidad entre ambas
variedades. Pasto utiliza una “estrategia conservadora”, ahorrando agua a expensas
de un crecimiento desacelerado, mientras que selRiobamba utiliza una “estrategia
adquisitiva”, maximizando su crecimiento a pesar del estrés salino.
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En los Capitulos 2, 3 y 4 exploramos las respuestas frente a la salinidad en
plantas de quinua cultivadas en macetas. En el Capitulo 5, nos enfocamos en
condiciones de campo, semejando las condiciones 6ptimas de cultivo (~ 50 plantas/
m?) y utilizando un nivel de salinidad moderado para la quinua (250 mM NaCl).
Evaluamos el desempefio agrondmico (rendimiento de semillas, peso de mil
semillas, indice de cosecha) y respuestas fisioldgicas frente al estrés salino de seis
variedades comerciales. Adicionalmente, evaluamos dos cruces biparentales entre
variedades de quinua con respuestas contrastantes frente a salinidad, con el fin de
detectar indicadores o rasgos genéticos asociados con la tolerancia a salinidad de
esta especie. La tolerancia a la sal de las variedades basada en el rendimiento de
semillas oscild entre el 68 y el 92 %. La tolerancia promedio a la sal fue del 67 %
para la poblacién de mapeo Atlas x Red Carina y del 75 % para la poblaciéon Pasto
x Red Carina. Encontramos QTLs para todos los rasgos analizados e identificamos
alelos putativos donados por Pasto asociados a menores contenidos de Na* y CI-,
mayor retencion de K* y menor area foliar especifica, que probablemente
contribuyen a la mayor tolerancia a la sal observada en la poblacién Pasto x Red
Carina.

La variacion natural inter-especifica es un requisito esencial en los
programas de mejoramiento de un cultivo. Por esta razén, en el Capitulo 6
evaluamos la diversidad genética de 22 genotipos que representan la diversidad de
quinua cultivada en la actualidad en Ecuador. Estas accesiones fueron cultivadas
bajo un fotoperiodo de 12 horas de luz, semejando densidad de produccién en
campo, bajo control y un tratamiento de salinidad de 250 mM NaCl. Todos los
genotipos mostraron ser tolerantes a salinidad y el indice de estrés salino promedio
fue de 78 %. La coleccidon mostré ser altamente diversa para diferentes propiedades
agronomicas: el rendimiento de semilla bajo control varié de 890-1145 g/ m? y el
peso de mil semillas varié de 2.4 a 4.4 g. Las accesiones también variaron en su
respuesta al estrés salino. El principal mecanismo de tolerancia frente a estas
condiciones de estrés “moderado” para quinua fue la exclusién de iones en las
hojas; sin embargo, en algunas accesiones se pudo observar alta concentracion de
sales. Los resultados reportados en este capitulo demuestras que el ecotipo del
valle interandino de la Sierra ecuatoriana es altamente diverso y constituye un
interesante recurso genético para tolerancia a estrés salino y otros rasgos de
interes.

En el Capitulo 7 integro las ideas presentadas a través de la tesis sobre
cdmo la quinua responde a estrés salino y analizo el potencial de esta empresa
como fuente de mecanismos novedosos de tolerancia que podrian ser
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potencialmente trasladados a otros cultivos. Propongo un ideotipo de quinua
tolerante a sal caracterizado por alto grado de exclusion de Na* y ClI~ de las hojas,
alta retencion de K* (sobre todo cuando la concentracion de Na* incrementa), rapido
control en la apertura de estomas, entre otros rasgos que caracterizan un
metabolismo “adquisitivo” bajo estrés moderado y “conservativo” bajo estrés severo.
Finalmente, reflexiono sobre como la tolerancia a salinidad en particular, y la
resiliencia frente a estrés abi6tico en general, son el activo mas fuerte de la quinua
para consolidarse como cultivo basico emergente
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