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Abstract

It is often stated that agricultural outputs need to increase substantially to meet
the demands for more food posed by a growing population. However, when
accounting for climate change, we argue that current projected increases are
unrealistic and a more realistic goal would be to maintain yields per area of food
production. This will require breeding for crops with increased tolerance to
abiotic stresses such as drought, salinity, waterlogging, and high temperatures.
This goal can be accomplished in one of two ways: by introducing stress
tolerance genes into present high-yielding crops or by increasing the yields of
already tolerant orphan crops and/or wild plants. We argue that the first strategy
will require easing the restrictions on the use of gene editing technologies and
making substantial improvements to cell-based phenotyping to identify the
stress tolerance genes available in the gene pool of a crop and its wild
relatives. The success of the second strategy will depend on the number of
domestication genes that need to be selected for in order to obtain yields
comparable to present-day cultivars. It is still too early to conclude which of
the two strategies, rewilding (bringing genes lost from wild ancestors back to
domesticated crops) or de novo domestication (domesticating resilient wild
plants or underutilized crops directly), will be most effective for future
sustainable agriculture. However, given the importance of the issue, some
rapid action needs to be taken.
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Key points

Agricultural production is hampered by climate extremes
such as heat, drought, waterlogging, and salinity, affecting
soil health, water availability, and crop performance.
Using wild crops to regain the abiotic stress tolerance that
was lost or weakened during domestication is
fundamental to achieving global food security and
sustainable agricultural production in the face of

climate change.

Progress in the field could be achieved by introducing
genes from wild relatives, but the lack of understanding of
the operation of specific genes in planta remains a major
hurdle in breeding programs, calling for broader use of
cell-based phenotyping platforms.

An alternative solution is to engage in direct
domestication of wild relatives that already have the
genes required for abiotic stress tolerance.

The success of both strategies will be critically dependent
on legislative issues and associated public perception of
the technologies used for their implementation.

Introduction

Agriculture is vulnerable to climate change and the implications
of global warming on the profitability and sustainability of
agricultural production systems are substantial. Climate change is
predicted to increase the impact of both biotic and abiotic stresses
on crops. The ability to control biotic stresses such as diseases and
pests is challenged by the pressure to reduce the use of chemical
control agents and thus their environmental footprint. Abiotic
stresses negatively affect the fertility of soils and impose massive
limitations on crop performance. Many of them (e.g., drought,
extreme temperatures, and soil salinization) are tightly interlinked
and should be considered in the same context.

Global warming leads to major changes in rainfall patterns, thus
increasing both the frequency and severity of extreme weather
events (1, 2), with the risk of a 1-in-100 years extreme weather
event likely to increase to 1 in 30 by 2040 (3). At present, 40% of the
entire land area is currently classified as dryland zones; 70 countries
in the world are regularly affected by drought (4), costing
agriculture over US$80 billion p.a. in lost opportunities (5). On
average, 1 week of drought stress causes a 3-8% yield loss for major
staple crops (6), and future predictions are that the drought-related
yield reductions will increase by more than 50% by 2050 for the
major crops (5). Equally concerning is soil flooding. Large rainfall
events can lead to flash flooding, river surges, and rising
groundwater tables (7). It is estimated that more than 17 million
km? of land surface is affected by waterlogging (which occurs when
water fills the root zone of a plant and in this way decreases the
oxygen available for respiration of roots), resulting in an annual
economic loss of US$74 billion (8). This is hardly surprising: apart
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from rice, no staple crop can cope with hypoxic conditions in the
rhizosphere caused by soil flooding. The 18-fold drop in
mitochondrial adenosine triphosphate (ATP) production under
hypoxia comes with critical implications for a crop’s ability to
acquire nutrients and assimilate carbon, with consequences for
growth and development. As a result, waterlogging-induced yield
losses in some species may be as high as 70% (9).

High temperature per se also limits crop productivity. Of special
concern are increasing nighttime temperatures. It has been reported
that nighttime temperatures are rising at a rate that is 1.4 times that
of daytime temperatures (10), and every 1°C increase in nighttime
temperature causes a 3-6% drop in crop yield (11). While the
physiological mechanisms underlying yield decreases in response to
elevated nighttime temperatures are complex, the key component is
an increase in nighttime respiration, which reduces the amount of
photoassimilates available for plant growth and yield. Hotter nights
can also negatively affect grain quality (12).

Global warming and changes in soil moisture content also have
a significant effect on the soil microbiome (13), thus affecting the
biological availability of many essential nutrients. Also, since the
Green Revolution (GR), fertilizers have become a cornerstone of
modern agriculture (14). As a result, agricultural systems
established during the GR have evolved toward an excessive use
of intensive production practices. For example, the doubled food
production of the past 35 years has come from a 6.9-fold increase in
nitrogen (N) fertilization and a 3.5-fold increase in phosphorus (P)
fertilization (15). However, these practices are no longer considered
to be sustainable under current climate scenarios (16) due to
reduced nutrient use efficiency in crops grown under stress
conditions (17). This results in massive eutrophication of aquatic
ecosystems, where N and P cause algal blooms and result in a loss of
biodiversity (18).

Climate change and the challenges it
poses to agriculture

What are the future climate scenarios? Will the problem go
away? Judging from the current trends (Figure 1), this is highly
unlikely. There has been a continuous upward trend in the frequency
and intensity of severe drought events since the 1970s (Figure 1A),
and models predict this is expected to continue for at least a few
decades (Figure 1B). The same trend applies to several extreme heat
events (illustrated by the case of Australia in Figure 1C).

With an increasing number of hot days, soil evaporation is
intensified, creating more arid and semi-arid areas (Figure 1B). As a
result, agricultural food production will rely heavily on irrigation.
Global freshwater consumption has increased progressively over
the last century. (22) (Figure 2A); this is partially due to population
growth but mostly to an ever-increasing proportion of water being
used for irrigation purposes. As such, in the last 100 years,
agricultural water consumption has increased almost 6-fold from
~320 billion m® in 1900 to over 1900 billion m> in 2000 (23)
(Figure 2B). This is hardly surprising, as in many parts of the world
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irrigation-based productive systems are an order of magnitude
more effective than rainfed systems. In Australia, less than 1% of
irrigated agricultural area is responsible for a quarter of the total
agricultural value (27). The same is true for many other regions
across the globe. In Pakistan (the fifth most populous country in the
world) and India (the most populous country in the world),
cultivated land that uses irrigation accounts for over 70% and
42%, respectively, of all cultivated land (26).

The increasing reliance on irrigation is unsurprising not only in
the context of minimizing the impact of soil drought on plant
performance but also as a means to deal with increasing ambient
temperatures. The optimal temperature for C3 species is around
23°C, while for C4 species it is around 32°C. Except for maize, all
staple crops that provide the bulk of caloric intake for humans
(wheat, rice, potatoes, and soybeans) are C3 plants and, therefore,
perform better in cooler climates. However, this optimal temperature
refers to leaf (not ambient) temperature, and transpiration cooling
can bring leaf temperature well below that of ambient air during the
hottest time of the day (Figure 2C). This difference may be rather
substantial. For example, Gupta et al. (28) conducted assays of the
transpiration cooling capacity of five tree species in India, reporting
an average leaf-to-air difference between 2.8 and 3.9°C. In extreme
cases, this value could be as high as 8-10°C (29). Thus, increased use
of irrigation in agricultural production systems may become
unavoidable under conditions of global warming if plants are to
stay within the optimal “thermal window”.

25%

20%

Global land area (%)

Severe drought (SPEI < -1.3)

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

10.3389/fsci.2024.1416023

Agriculture in the 21st century will
become saline

The increased reliance on irrigation inevitably comes with the
issue of soil salinization. Fresh water is a scarce resource, as most of
the water on the planet is saline, and only 0.76% of the biologically
available groundwater is considered suitable for irrigation (30). As
this is hardly enough to meet the growing demand, agriculture is
increasingly relying on the use of poor-quality brackish water (26).
Analysis of the electrical conductivity of irrigation water in the five
most populous countries affected by salinity shows a trend of
increasing electrical conductivity of available irrigation water
(Figure 2D). This results in 3-6 tons of salt added per hectare of
irrigated land every year (26). As most modern crops are salt
excluders [a result of targeted breeding to reduce Na®
accumulation in the shoot (31)], the salinity buildup in the
rhizosphere results in land that is not suitable for production.
Reversing this trend is a challenging task: it will require either
taking the saline land out of production for a few decades or using
halophytic species for phytoremediation (desalination).

While the second option has been broadly advocated for in the
literature (32, 33), very few conventional staple crops possess
sufficient halophytism to perform this role. A notable exception is
quinoa (Chenopodium quinoa)—a species that is considered to be
nutritionally important by the Food and Agricultural Organization
of the United Nations (FAO) (34) and that possesses a remarkable

Year

B Extreme drought (SPEI < -1.6)

Il Exceptional drought (SPEI £ -2)

Source: Data from Global SPE| database v2.9 (19) (ODbL)

FIGURE 1 (Continued)
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Source: Reproduced from (20) (CC-BY)
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FIGURE 1 (Continued)

Current trends in occurrences of extreme weather events (heat and drought as examples). (A) Global area (%) affected by drought events on a monthly
basis over the last 100 years [based on the Global Standard Precipitation-Evapotranspiration Index (SPEI) database (19)]. (B) Drought magnitude and
relative changes (%) in drought magnitude concerning the baseline of three specific warming levels (1.5, 2.0, and 3.0°C). Reproduced from (20), (C) The
reported trends in the frequency of extreme heat events over the last 100 years in Australia. Reported numbers are the number of days each year
where the averaged daily mean temperature of the Australian area was extreme (e.g., above the 99th percentile of each month). Data from (21), used
with permission from the Bureau of Meteorology, Australia. The authors’ interpretation of the data shall not be attributed to the Bureau of

Meteorology, Australia.

salinity tolerance as well as the ability to accumulate significant
amounts of salt in its aboveground parts (35). However, quinoa is
cultivated on a much smaller scale (less than 1%) compared to
traditional cereal crops such as wheat, rice, and maize, making it an
unlikely candidate to fulfill this role. As for taking salt-affected land
out of production, this is equally unlikely: the amount of arable land
per capita is progressively declining as a result of land degradation
and an increased urbanization rate (Figures 3A, B).
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An urgent need to breed for abiotic
stress tolerance

Itis a current dogma that the increasing demand for food posed
by a growing population urges us to increase food production.
Taking into consideration that overall wealth is also increasing, the
FAO (38) estimated that an increase in world population by 2050 by
30% will require food production to increase by 70%. As dietary

frontiersin.org


https://doi.org/10.3389/fsci.2024.1416023
https://www.frontiersin.org/journals/science
https://www.frontiersin.org

Palmgren and Shabala

choices change with wealth and in general tend towards increased
consumption of meat, the production of which requires more feeds,
a 100-110% increase in demand for agricultural products by 2050
has also been forecasted (15). Even these numbers might be
underestimates, as an increasing food supply could result in lower
prices that may generate increasing demand, creating a vicious
circle (39). For example, with wealth, human diets tend to become
richer in fats and vegetable oils, and the ever-increasing supply of
cheap palm oil [e.g., in Indonesia its production increased
dramatically between 1970 and 2020 (40)] has led to ever-
increasing demands. It can therefore be argued that an increase in
food production may result in a positive feedback loop that only
satisfies short-term needs but creates even more demand in the long
run (41).

>

Global freshwater use (trillion m?3)

10.3389/fsci.2024.1416023

However, even if we believe that a substantial increase in food
supply may solve the problem, a question arises: will we be able to
meet the projected demand at all? We should test every possibility
to increase yields, but increased food production can only be
obtained in one of two ways: either by increasing yield per
production area or increasing the area of production. Since 1961,
food production has doubled twice, mainly due to increased
productivity per unit of land, but yearly yield increases have
become slower, suggesting that we are approaching a yield ceiling
for some of our major crops (42). Will yield increase be able to
follow the pace of increasing demand? Taking cereals as an example,
this is not the case (43).

The other “solution”, increasing the area of production, is
inevitably connected with the loss of nature (44). For example, the

0
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Source: Global International Geosphere-Biosphere Programme (2017)
Adapted from (22) published online at OurWorldinData.org (CC-BY)
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FIGURE 2 (Continued)
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FIGURE 2 (Continued)

Global trends in agricultural water withdrawal and increasing salinization of agricultural land. (A) Trends in freshwater consumption over the last
century for agricultural, industrial, and domestic use. Adapted from (22). (B) Global trends in water withdrawal for agricultural purposes. Adapted
from (23) with inclusion of data from (24), under the “Agricultural water withdrawal” parameter. (C) Essentiality of leaf water evaporation for
transpirational cooling. The blue line represents daily changes in the ambient air temperature; the green line reports the actual leaf temperature
(using lime tree—Tilia cordata—as an example). Adapted from (25). (D) A heat map showing the trend in changes in electrical conductivity of
irrigation water in the five most populated salt-affected countries and Australia. The color scale indicates the range of electrical conductivity

(uS cm™). Adapted from (26).

Amazonian rainforest is already being cut down to clear land for
soybean production and feed for cattle, which threatens the biodiversity
that is vital for the survival of humankind. Is this what we want?
The dream of letting supply keep pace with the demand for food
could be turned into a nightmare by climate change. With increasing
temperatures, drought, extreme weather, and further salinization of
soils, yields per unit of land are likely to decrease despite all attempts
to realize the opposite, and more land will become marginal and,

Frontiers in Science

hence, not suitable for most crops. Considering climate change,
maintaining yields per production area therefore emerges as a
more realistic but still very ambitious breeding goal for the future.
Breeding for abiotic stress tolerance is a scientific problem, and
it will be discussed in the following sections. Predicted challenges
from populations that become more urbanized and wealthier, such
as changes in dietary choices, food waste, and uneven distribution of
food, are not scientific problems but have to be dealt with politically.
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FIGURE 3

Trends in agricultural land availability. (A) Land urbanization and degradation rate worldwide. Data from (36). (B) Changes in land use per capita in the
six most populous countries in the world. The graph was plotted using interactive data from (37).

Crop domestication and the loss of
tolerance to abiotic stress

Domestication of plants has always been a process that favored
yield, with early achievements being increases in grain size and loss

of seed shattering (45), and continued strong selection for increase
in yield has with time diminished genetic diversity in modern crops
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(46). As abiotic stress resistance was rarely selected for previously
(47), this has diminished the adaptability of crops to survive in
unfavorable environments (48-50).

In the ancestral tomato species, for example, salt tolerance is
facilitated by the gene SIHAK20, which encodes a Na* and K*
transporter that regulates the balance between Na™ and K" during
salt stress, but in modern sensitive tomato cultivars, this gene is
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mutated and non-functional (51). Similarly, TmHKTI1;5-A, which
encodes a high-affinity Na* transporter at the plasma membrane,
contributes to the salt tolerance of Einkorn (Triticum monococcum),
a diploid ancestor of tetraploid durum wheat (T. turgidum ssp.
durum) and hexaploid bread wheat (T. aestivum), but it is no longer
present in durum and bread wheat (52). Regulators of these targets
may also have been lost during domestication.

Strategies for regaining lost abiotic
stress traits

Rewilding of crops

Reintroducing genes from wild relatives

“Rewilding” has been suggested as a strategy for our modern
crops to regain strength (48, 53). According to this approach, genes
important for survival in challenging environments—lost during
the domestication process—should be identified in wild relatives
and reintroduced into modern crops (48). A good example is
tomato. Introduction by transgenesis of the functional SIHAK20
allele from the wild ancestor into the modern large fruit tomato
improved its salt tolerance (51). Thus, tapping the genetic resources
of wild relatives appears to be a viable strategy to improve abiotic
stress resistance in crops. However, the potential for introgression
of resistance genes from wild relatives into elite cultivars simply by
crossing (see next section) remains relatively underexplored, one
reason being that even after multiple backcrosses the resulting
plants may still have unwanted wild-type traits (54, 55). The
latter is hardly surprising, given linkage drag and the multigenic
nature of tolerance traits.

Abiotic stress resistance is multigenic

Resistance to specific biotic stresses can be a monogenic trait in
which case the responsible gene can be transferred to elite cultivars by
transgenesis or crossing and introgression (56). In contrast, resistance
towards abiotic stresses as a rule is more complex. It can be
monogenic, as is the case for submersion tolerance in rice (57, 58),
boron toxicity tolerance in barley (59, 60), and, in the case of
constitutive activation of a gene, for aluminum tolerance in barley
(61). Typically, however, tolerance to most abiotic stresses involves
many elements used in sensing, signaling, and regulation of gene
expression and protein function (62). Ways for breeders to
circumvent this challenge have been to develop lines that escape the
stress, for example, by selecting wheat for early flowering and rapid
development so that it completes its life cycle before terminal drought
sets (63), or selecting for phenology that helps crops to withstand
drought and heat stress conditions, e.g., leaf angle and rolling (64, 65).

Still, there was for a long time hope that “silver bullet” genes
could be found and used to confer abiotic stress tolerance when
overexpressed (5, 47). Candidate genes that have been identified in
the model plant Arabidopsis thaliana, which has neither been
domesticated nor adapted to a cropping environment, have often
failed to translate to valid targets in crops (66). One previous
candidate was the vacuolar Na*/H" exchanger NHX1, but despite
encouraging initial attempts that showed increases in salt tolerance
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following its overexpression (67, 68), other studies could not
reproduce such an effect. This was probably due to a lack of co-
expressed transport systems to energize this antiporter (69) as well
as a need to ensure efficient Na* retention in the vacuole, which
requires tight control of the operation of Na*-permeable tonoplast
fast (FV) and slow (SV) vacuolar channels. Additionally, the
energization of NHX1 operation in salt-grown plants is conferred
mostly by H'-translocating inorganic pyrophosphatase (H"-PPase)
(70), and the latter is K'-dependent and requires significant
amounts of K" in the cytosol for its operation. At the same time,
salinity stress results in a massive cytosolic K* loss (71, 72), thus
hampering H"-PPase operation.

Another example is related to the salt overly sensitive (SOS)
signaling pathway. A genetic screening of Arabidopsis identified
three genes (SOSI, SOS2, and SOS3) with a sos phenotype (73-75).
SOS1 turned out to be a Na'/H" exchanger regulated by SOS2, a
protein kinase, which in roots is regulated by SOS3, a Ca**-
dependent protein (76). In shoots, SOSI is activated by CIPKS, a
protein kinase related to SOS2, which is regulated by the Ca®*-
dependent protein CBL10 (77). The activated SOS1 is energized by
the electrochemical H* gradient generated by the plasma membrane
proton-pumping ATPase (H"-ATPase) (78), which is regulated by
multiple regulatory proteins, some of which are activated in salt
stress conditions (79).

But do the genes listed above represent the full package? Most
likely not. Transgenic Arabidopsis that overexpresses either SOS1
or SOS3 alone has somewhat increased salt tolerance, but no further
increase was observed when SOS1, SOS2, and SOS3 were expressed
together (80). There can be several reasons for this. First, the SOS1
exchanger is expressed not only in the root epidermis, where it
functions by expelling Na* back into the rhizosphere, but also at the
xylem/parenchyma interface (81) (Figure 4A; red circles). Thus,
overexpressing SOSI1 in the root epidermis to prevent Na* uptake
comes with the danger of a concurrent increase in Na* loading into
the xylem and its delivery to the shoot. Salt tolerance is typically
regulated at the cellular or tissue level (85), and “one size will not fit
all”. At the very least, either two different isoforms of SOSI
transporters will be required to uncouple Na* exclusion from
uptake from its delivery to the shoot, or the modes of their post-
translational regulations should be different. Additionally, SOS1
expression is confined to a small region in the root apex, as shown
both by GUS staining and electrophysiological data (Figure 4B).
Given that the surface of the mature root zone (where the bulk of
Na* uptake takes place) is several orders of magnitude bigger than
that of the root apex, can we expect plants to efficiently expel 98% of
all Na*—as per current estimates (86)—through SOS1 activity in
this region?

The HKTI gene is another good example. This transporter
belongs to the high-affinity family of transporters and plays a
critical role in K™ and Na®™ homeostasis in plants. There are two
different types of HKT transporters, Types I and II, and they differ
in their selectivity. Type I transporters are specific to Na*, with a
difference conferred by the presence of a serine residue in the first
“selectivity filter” (87). In cereals, HKT1;5 transporters are believed
to “exclude” Na* from the xylem into the xylem parenchyma in the
root, thus reducing Na™ delivery to the shoot (88-90).
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As preventing Na™ delivery to the shoot has been hypothesized
to confer better salt tolerance, numerous attempts have been
undertaken to genetically manipulate HKT1;5 expression to
improve salinity stress tolerance in various species. One of the
best examples of this is a work by Munns and co-authors where the
authors crossed wheat diploid ancestor Einkorn (T. monococcum)
with durum wheat and selected a progeny harboring TmHKTI;5-A
in a new backcross (52). The authors did report a 25% increase in
plant yield in a salinity-affected field but only in one of three tested
sites (Figure 4C).

It was also suggested that OsHKT;5, first named OsSKCI (88),
was present at a quantitative trait locus (QTL) on chromosome 1 in
rice (Oryza sativa). This QTL was termed Saltol and shown to
contribute to salt tolerance of rice at a seedling stage. Identified by
crossing the salt-tolerant indica landrace Pokkali and the salt-
sensitive indica cultivar IR29 followed by several backcrosses to
obtain recombinant inbred lines (91, 92), Saltol was suggested to
operate in Na' exclusion from the shoot. This hypothesis was
further substantiated by the finding that OsHKT1;5 localizes to
cells adjacent to the xylem in roots, and, when rice is salt-stressed,
its loss of function causes substantial accumulation of Na* in shoots
(93). However, direct electrophysiological measurements of Na™
fluxes across the plasma membrane of xylem parenchyma cells
showed that wild type plants were more efficient in reabsorbing Na™
from the xylem as compared to SKCI plants (with overexpressed

10.3389/fsci.2024.1416023

OsHKTYI;5) putting into question the functional role of HKT1;5 as a
transporter for direct Na* removal from the xylem (94). Instead,
changes in the expression level of HKT1;5 altered the activity of
membrane transporters involved in K* and Ca*" acquisition and
homeostasis in the rice epidermis and stele, explaining the observed
phenotype. Thus, the role of HKT1;5 in plant salinity tolerance
cannot be attributed to merely reducing Na* concentration in the
xylem sap but triggers a complex feedback regulation of activity of
other transporters involved in the maintenance of plant ionic
homeostasis and signaling under stress conditions.

It should be also noted that OsHKTI;5 is not the only gene that
may be linked to salt tolerance on the Saltol QTL. Approximately
783 protein-coding genes have been mapped within Saltol with
about 25% of the genes coding for proteins of unknown function
(95). Among these, the intermediate filament (OsIF) stabilizes
photosynthesis during salt stress (96); OsSalT, which encodes a
mannose-binding lectin protein, is induced by salt mainly in roots
(97), shows high diversity between salt-tolerant and sensitive lines
(98), and increases salt tolerance when expressed in tobacco (99).
Additionally, at least two transcription factors within Saltol add to
salt tolerance in rice when overexpressed: the bZIP transcription
factor OsHBP1b (100) and OsGATAS, a GATA transcription factor
(a family named after the consensus DNA-binding motif) (101).

Consistent with this, the bread wheat gene TaSPL6-D, which
encodes a protein with an SBP-type zinc finger required for binding
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Abbreviations: AKT1, Arabidopsis K* transporter 1; ATP, adenosine triphosphate; CCC, cation-chloride cotransporters;
CNGC, cyclic nucleotide-gated channel; FV, fast activating ion channel; GLR, glutamate receptor-like;

GORK, guard cell outward-rectifying K*; HAKS, high-affinity K* transporter 5; HKT1, high-affinity K* transporter 1;
HKT2, high-affinity K* transporter 2; LCT, low-affinity cation transporter; NHX, sodium/hydrogen exchanger;

NSCC, non-selective cation channels; PIP2;1, plasma membrane intrinsic protein 2;1; PP, pyrophosphate;

SOS1, salt overly senstive 1; SV, slow activating ion channel

Source: Adapted from (82) (CC-BY)
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Targeting SOS1 and HKT1 transporters involved in Na* exclusion from uptake is unlikely to deliver salt-tolerant cultivars that would be performing
on par with halophytes. (A) Key membrane transporters mediating plant Na* and K* homeostasis that confer salinity stress tolerance in plants.
Adapted from (82). The two most targeted genes, namely SOS1 and HKTZ, are circled. (B) SOS1 Na*/H* exchanger is predominantly expressed in
the root apex but not the mature zone. The panel on the left show GUS expression in a root tip in a SOS1::GUS Arabidopsis plant. Adapted from
(81), with permission from Oxford University Press. The right panel reports the difference in net Na* efflux (in nmol m 2 571 measured from rice

roots in elongation (EZ) and mature (MZ) zones by non-invasive microelectrode ion flux estimation technique—based on (83)—that may be used as
a proxy for SOS1 operation, as shown by (84). (C) Overexpression of the TmHKT1,5-A gene in the Nax2 locus in wheat that encodes a Na*-selective
transporter located on the plasma membrane of root cells surrounding xylem vessels results in a 25% increase in plant yield. However, this

beneficial effect was observed in only one (of three) tested field sides (with the highest salinity). Even so, crops overexpressing TmHKT1;5-A showed

50% yield penalties compared with the control. The graph is based on partial data from (52).

to DNA (102), was recently identified as a transcriptional
suppressor of TaHKT1;5-D (103). The corresponding gene in rice
is located on chromosome 3 and was found to regulate the
transcription of OsHKTI;5 as well (104). Altogether, these
findings demonstrate that HKT1;5 is not sufficient for salt
tolerance, and upstream regulators of HKT1;5 regulation also
have to be considered.

The above findings are not surprising for several reasons. First,
excluding Na* from the shoot may prevent its potential cytotoxicity
in leaf mesophyll but comes with a need for plants to rely on de novo
synthesis of compatible solutes for osmotic adjustment and turgor
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maintenance. This is an energetically costly option (104) that comes
at the expense of growth/yield. Second, under physiological
conditions, Na" loading into the xylem is a thermodynamically
active process (105). Why should plants spend energy loading it first
and then trying to retrieve it? Finally, once Na" is taken from the
xylem, where can it go? The storage capacity of the root
parenchyma is very limited, and, except for the root tip where the
impermeable Casparian strip is absent, the Casparian strip does not
allow Na™ to be put back into the cortex and then excluded into the
rhizosphere. Also, more recent data from Arabidopsis and crop
species show that AtHKTI;1/HKTI;5 alleles also have a strong
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genetic association with “shoot sodium accumulation” and
concomitant salt tolerance (87). Thus, it appears that the effects
of AtHKTI;1/HKTI;5 operations are strongly influenced by soil
salinity levels, with both hyper-functional or weak AtHKTI;1/
HKT1I;5 alleles/haplotypes being present.

The above arguments can be made also for other abiotic stresses
(drought, waterlogging, and temperature extremes), and the reality of
the situation is that the “full package” of any abiotic stress tolerance
may remain unknown: it likely includes not only transporters and
enzymes but also an elaborate network of regulatory proteins such as
receptors, signal transduction components, and transcription factors
that are yet to be discovered. Therefore, building such a trait from
scratch, i.e., within a species the ancestors of which never had this
trait, could prove impossible. The multigenic nature of abiotic stress
resistance is the likely reason why efforts to improve the tolerance of
crops to such stresses have had limited success so far (47, 106). And—
in practical terms—even if we can get a comprehensive
understanding of all details of signaling networks, how many genes
can breeders practically handle from the required “package” Five?
Ten? Will this be good enough?

Pangenome: the genetic repertoire of a species

If tolerance to abiotic stress is present in a close relative but was
lost during domestication, the situation may be less challenging
(though not necessarily simple!). In this case, we may hypothesize
that many of the genes in the tolerance “package” are still present
and intact and only a few elements (in principle, a single element)
need to be “repaired”. Thus, if abiotic stress tolerance is a trait
involving multiple genes acting in concert, it also follows that the
trait could be lost if just a single or a few elements in this assembly
are missing. If our present-day crops have retained most of the
required elements but are just missing a few, we may hopefully be
able to identify the absent pieces. But how do we find them?

Pangenomes have emerged as the haystack in which we might
find the lost needle (107). Within a species, many genes (core genes)
are common for all accessions, but some individuals or races may
have genes (variable genes or cloud genes) that others do not. The
pangenome includes both core genes and variable genes and thus
covers the genomic diversity of a species. An important finding from
studying pangenomes is that the proportion of variable genes in a
species can be substantial (107). For example, whereas the reference
genome of the tomato (Solanum lycopersicon cult. Heinz 1706)
contains 35,496 protein-encoding genes (108), sequencing of 725
tomato accessions in the Lycopersicon clade resulted in a combined
gene catalog for the species of 40,369 protein-coding genes (108).
This implies that the pangenome of tomato includes as many as
4,873 genes that are not accounted for in the reference genome.

Another important finding has been that genes annotated as
being involved in biotic and abiotic stress tolerance are enriched in the
group of variable genes, with biotic resistance genes being
predominant (102, 107-113). An exception is Amborella trichopoda,
which is basal in evolution to all other living flowering plants and is
endemic to New Caledonia (114). A total of 11 Amborella accessions
were genome-sequenced to capture major presence/absence variation
in this species. Among the variable genes, most stress-related genes
were linked to abiotic stress, and among these, 152 genes were
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predicted to be involved in the salt response, 100 in the cold
response, and 76 in the drought response (114). Among the
dispensable genes for salt tolerance are UWAAmboGene2710 and
UWAAmboGene2237, which are homologs of Arabidopsis NHXI and
NHX2, respectively. The total number of genes related to salt stress
(core genes plus variable genes) was found to be 480. This represents a
large number of candidates for genes that may have gone missing
during plant evolution.

Pitfalls of whole-plant phenotyping

Finding the pieces in the complete repertoire of genes of a
species that sensitive cultivars are missing appears as a formidable
task. For this purpose, forward genetics based on phenotyping
remains a possibility.

It is not a surprise that tolerance to various abiotic stresses is
multigenic. Most traits require the combined action of multiple
genes. A common method to identify the multiple genetic elements
that control a trait is QTL analysis (115-117). This method studies
the segregation of marker genotypes in combination with the
phenotypes of individual plants or plant lines. In this way, their
location on chromosomes and the quantitative contribution of the
genetic element can be determined. As an example, a resistant and a
sensitive line are crossed, and the progeny is allowed to self-fertilize.
In the next progeny, the plants are tested for their degree of
tolerance and for whether the phenotype is associated with
specific genetic markers. A genetic marker is a DNA sequence
that varies between genotypes and has a known location on a
chromosome. Thus, using specific primers, a polymerase chain
reaction (PCR) reaction may amplify a marker in one of the
parental lines but result in no product in the other line. If a given
marker is found to be associated with a given trait, this reveals
information about the chromosomal location and the quantitative
contribution of the responsible genetic element.

However, since a QTL analysis typically takes place at the whole
plant level, it suffers from two main drawbacks. First, the trait that is
scored may be controlled not only by multiple genes but multiple
mechanisms that may contribute to the trait. Thus, the analysis does
not directly address the mechanism(s) of tolerance but rather
overall fitness, which can be conferred by unrelated mechanisms.
For example, Zhao et al. (118) carried out a QTL analysis to identify
genes contributing to heat tolerance in rice by crossing a heat-
tolerant line (Habataki; indica spp.) with a heat-susceptible line
(Sasanishiki; japonica ssp.). The F2 generation was subjected to
high-temperature stress, and three traits that were influenced by
this stress, namely daily flowering time, spikelet fertility, and pollen
shedding level, were subsequently scored. Four QTLs were detected
for daily flowering time on chromosomes 3, 8, 10, and 11 and seven
QTLs were identified for spikelet fertility on chromosomes 1, 2, 4, 5,
7, and 10. While five of the seven QTLs for spikelet fertility
overlapped with pollen shedding level (suggesting related
mechanisms), none of them overlapped with daily flowering time
(suggesting an unrelated contributing mechanism).

A second drawback is that the trait searched for may be
misleading. One mechanism of salt tolerance may be salt
exclusion, and therefore low Na® concentration in the leaf blade
has been assessed in search for salt tolerance genes (119). A salt-

frontiersin.org


https://doi.org/10.3389/fsci.2024.1416023
https://www.frontiersin.org/journals/science
https://www.frontiersin.org

Palmgren and Shabala

sensitive durum wheat cultivar (T. turgidum ssp. durum cult.
Tamaroi) was crossed with a landrace of durum with low Na*
concentration in the leaf blade (Line 149 derived from T.
monococcum), and 100 individuals in the F2 generation were
scored for the trait. This led to the successful identification of a
leaf Na* “exclusion” locus on the long arm of chromosome 2A,
which was designated NaxI [Na® exclusion 1 (119)] and was
subsequently found to be associated with a Na™ transporter gene
HKT7-A2 (of type HKT1;4) (120). However, what is to be done if a
mechanism of salt tolerance does not influence overall Na* in the
leaf blade but rather compartmentalization of Na™, e.g., in leaf cell
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vacuoles? If salt sequestration is the mechanism of tolerance, a salt-
tolerant plant and a salt-sensitive plant could well have identical
total Na* content in the shoots (121).

The latter point is further illustrated by analysis of shoot Na*
content in some selected halophyte and glycophyte species
(Figure 5A). In this graph, shoot Na" context (expressed on a
water basis) is plotted vs salinity threshold (the level of salt after
which plant yield starts to decline). As one can see, the reported
strong (R*> = 0.75) correlation is negative: species with higher
salinity thresholds have higher overall shoot Na™ content. Thus,
the above approach for selecting genotypes with lower shoot Na*
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The issues related to whole-plant phenotyping using shoot Na* content as a physiological marker and a need for shifting to cell-based
phenotyping. (A) Shoot Na* content (measured on a water base; in mM) in selected glycophyte (blue dots) and halophyte (green dots) species
plotted vs salinity tolerance threshold. Data from (122-130), images of crops from (131-140). Salinity threshold is determined as the salinity level (in
dS m™) above which the plant yield starts to decline. (B, C) Intracellular Na* distribution measured between vacuolar and cytosolic compartments
using CoroNa Green dye in two wheat cultivars contrasting in the salinity tolerance (B: Westonia, tolerant; C: Belgrade 3, sensitive). Adapted from
(141). (D) Average CoroNA Green signal (arbitrary units) from two intracellular compartments, the vacuole and cytosol. The third column represents
the average signal from the entire cell, calculated from both compartments (B, C). Adapted from (141).

content—used for decades in crop breeding—appears to be
fundamentally flawed as it fails to account for plant ability for
intracellular Na* compartmentation. The latter can be done by
employing confocal scanning laser microscopy (CSLM) and Na'-
specific fluorescent dyes such as CoroNa Green (Figures 5B-D).
Analyzing leaf Na* content by means of inductively coupled plasma
(ICP) spectroscopy or flame photometry is much cheaper and
quicker than CSLM and, thus, these have been the methods of
choice for high-throughput phenotyping. However, as illustrated
above, whole-plant ionomic analysis can be misleading as, in the
case of salinity stress tolerance, it is Na exclusion from the cytosol—
not the shoot—that matters.

Frontiers in Science

Targeting key mechanisms through cell-
based phenotyping

So, where are we now? The reality is that tolerance to many
abiotic stresses is conferred by multiple mechanisms. Each of them
operates in a specific tissue/cell type and is regulated by multiple
genes. In this context, the (empirical) whole-plant phenotyping
(regardless of whether it is hyperspectral imaging, or economics, or
any other whole-plant-based trait) will always be critical for the
final validation of genetic material (e.g., in field trials) but is unlikely
to reveal the role of a specific mechanism/gene.

To be more effective, breeding targets can be directed towards
specific mechanisms. For example, among multiple other traits (e.g.,
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root architecture, trichome density, leaf rolling, and leaf angle) drought
tolerance is consistently linked to the low density of the stomata, the
pores through which plants absorb carbon dioxide CO, but also lose
water (142). Transgenic approaches have been employed to lower
stomatal abundance, thereby reducing transpiration rates and water
loss. For example, overexpressing the peroxidase gene TaPrx109-BI or
the transcription factor PpnMYC2 in wheat and poplar, respectively,
resulted in lower stomatal density and increased water use efficiency
(143, 144). Transpiration rates can hardly be measured in the field, but
another approach is to screen for carbon isotope discrimination.
When CO, is incorporated into plant biomass, the '>C isotope is
favored compared to the heavier ">C isotope, and this discrimination
between carbon isotopes typically causes the overall abundance of *C
relative to °C in plant tissue to be less than in atmospheric CO, (145).
Carbon isotope discrimination (AQ) is strongly linked to stomatal
density, and therefore becomes negatively correlated with
transpiration efficiency (146). Carbon discrimination can be
measured in dry leaves by mass spectrometry and may be used as a
breeding target for improving the efficiency of water usage and yield
under drought stress [e.g., Kunz et al. (147)]. A safer way to target a
specific mechanism would be using cell-based phenotyping platforms
that will account for the cell- and tissue-specificity of the operation of a
specific gene(s). For example, one mechanism that confers salt
tolerance in plants is their ability to maintain a highly negative
membrane potential generated by the plasma membrane H'-
ATPase, which allows efficient K" uptake and retention (148, 149)
as well as provides energy for both NHX and SOS1 transporters
involved in Na™ exclusion and sequestration (150). Under salt stress,
the plasma membrane is depolarized due to a substantial influx of Na*.
This is also the case for waterlogging, when the oxygen-limiting
conditions create an insufficient ATP supply, leading to membrane
depolarization. The outward-rectifying K" channel GORK is voltage-
gated and opens in response to stress-induced membrane
depolarization. As a result, a substantial amount of K" is lost from
cells. This K" efflux can be measured with very high spatial (a few
microns) and temporal (5 sec) resolutions by non-invasive
microelectrode techniques that can be used as a “physiological
marker” for salinity tolerance traits that would account for tissue-
and cell-specific operation of transporters involved (151).

Membrane potential can also be measured directly by impaling
plant cells with microelectrodes. To test whether a QTL for
membrane potential stability could be identified at the cellular
level, Gill et al. (121) crossed the Chinese barley landrace
TX9425, which is tolerant to waterlogging and salinity, with a
Japanese malting cultivar Naso Nijo, which is sensitive to both. In
150 lines of the F2 generation, plasma membrane potential was
measured from single epidermal root cells and correlated with the
abiotic stress tolerance of the lines. This led to the identification of
a major QTL on chromosome 2H that shows a strong linkage
with salt tolerance and a weaker but significant linkage with
waterlogging tolerance.

Another example of cell-based phenotyping has been carried
out using root cell viability markers (152). Salinity stress in plant
roots triggers the production and accumulation of reactive oxygen
species (ROS), which causes oxidative stress and cell death.
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Accordingly, following ROS exposure to barley roots, the viability
of root cells was performed using a double staining method that
included fluorescein diacetate and propidium iodide. Image-based
phenotyping of single root cells demonstrated that the viability of
salt-tolerant barley was less affected by long-term ROS exposure
than salt-sensitive barley varieties. Crosses between tolerant and
sensitive lines could help identify QTL contributing to ROS
tolerance in root cells during salt stress. Finally, Wu et al. (141)
have successfully used CSLM-based CoroNa Green imaging to
screen wheat cultivars for their ability to efficiently sequester Na™
in root vacuoles, demonstrating the power of this approach for
selecting donors for breeding programs.

Introgression of genes into sensitive cultivars

When the desired variability within a modern crop is no longer
present, it may remain in a related cultivar, species, or genera.
Assuming that we can identify an ancestral abiotic stress-related
gene that has been lost or that lost its function in an elite cultivar,
the rewilding task is now to bring it back again. There are three ways
for the modern crop to obtain missing genes from a relative.

The first strategy for refurbishment of the trait occurs through
the crossing of the two genotypes and subsequent introgression of
the gene into the elite cultivar. This can be done by interspecific
(within a species) or intergeneric (within a genus) hybridization
(Figure 6A). Both strategies combine genomes from different plants
for the plant of interest to obtain a trait. If the plants are distantly
related, the ability to cross may be low and the hybrids may be
sterile and show resistance to chromosome doubling, which can
result in the elimination of the chromosomes of one of the parents
(153). In both types of hybridization, the breeder will worry about
dilution of the elite germplasm, for which reason time-consuming
backcrosses are required; this can be complicated if the desired gene
is closely linked to a gene that confers an undesirable trait (153).
New techniques such as speed breeding (154) and rapid-cycle
recurrent genomic selection (155) allow for rapid cycling through
generations. However, the risk of dilution of the elite germplasm
increases exponentially if multiple genes are to be simultaneously
introgressed into the germplasm.

The second strategy is genetic engineering. Here, the donor
gene of interest is cloned and inserted into the genome of the elite
cultivar by genetic transformation. If the donor and recipient are
naturally crossable and produce fertile offspring, the procedure
will result in cis-genic plants (as opposed to transgenic plants).
Using this method, multiple genes can be inserted at the same time.
An inherent problem with such genetic engineering is that the
genetic elements that control gene expression must be carefully
considered. The natural expression of genes is dependent on cis-
regulatory DNA sequences, and these can be placed upstream of
the coding sequence, within introns, or downstream of the coding
sequence. Even if the complete genomic DNA is used for
transformation, its subsequent expression level may be low if the
gene happens to be inserted into a chromosomal location with
densely packed DNA.

The third strategy can only be employed if the “missing” gene is
still there but has become non-functional due to a mutation. Single

frontiersin.org


https://doi.org/10.3389/fsci.2024.1416023
https://www.frontiersin.org/journals/science
https://www.frontiersin.org

Palmgren and Shabala

10.3389/fsci.2024.1416023

Wild Susceptible Rewilded
ancestor crop crop
Genes tolerant | | |
to drought stress | = = =
L Regained
= Lost genes B o
nes tolerant 9
Genes tolera [ | || [ |
to salt stress - -
B X — X — X —
Other genes —| Cross Backcrosses
Wild type :- Mutated
domestication — [ domestication
genes - genes
wild De novo
ancestor domesticated crop
Genes tolerant | - -
to drought stress - -
Genes tolerant | - -
to salt stress = =
Other genes —| Mutagenesis by gene editing
Wild type [ [ Mutated
domestication — [ domestication
genes | genes

FIGURE 6

Two strategies for obtaining crops that tolerate abiotic stresses. Current susceptible crops became high yielding due to mutations in the
domestication genes of their ancestors. Excessive inbreeding and selection for yield only have resulted in loss of genes that function in gene
packages that control stresses such as drought and salinity. (A) The lost tolerance genes may be regained by crossing the modern crop with its wild
ancestor. This will dilute the elite crop, but, after several backcrosses, a rewilded tolerant elite crop is the result. (B) In this case, the wild tolerant
ancestor is de novo domesticated by directed mutagenesis of domestication genes.

nucleotide polymorphisms (SNPs) that result in the loss of a trait
can be identified by genome-wide association studies (156, 157). A
plant with an SNP that causes loss of gene function is in principle
carrying a genetic disease, which may be “cured” by gene therapy.
This has become possible with the advent of novel gene-editing
methods (158). While “traditional” clustered regularly interspaced
short palindromic repeats (CRISPR)-CRISPR-associated 9 (Cas9)
breaks DNA at defined positions and can create mutations, it most
often causes insertions or deletions (indels) of DNA to take place at
the breakage site. However, methods that allow editing of single
bases and do not involve double-strand cleavage are now available.
These are the results of synthetic biology where new abilities have
been built into the CRISPR-Cas9 system. Prime editing is the most
recent procedure, and it is rapidly being optimized for various
purposes (159). A limitation of gene editing may be that the
methods require the recipient plant to be amenable to
transformation and regeneration, but new methods are being
developed that in some cases have overcome these hurdles (160).
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De novo domestication of already tolerant
wild species

In summary, furnishing a sensitive plant with the complete gene
package for any abiotic stress tolerance is not a trivial task and may
be impossible if no relative has the desired trait. If a crossable
relation is in possession of the trait in question, the task may be
possible but is complicated, if not again impossible, depending on
the multigenic nature of the trait and whether missing elements can
be identified.

As an alternative way to obtain stress-tolerant crops, accelerated
domestication of an already resistant relative was proposed (161).
Domestication is a method of human-directed evolution where
genetic elements that are important for survival in the wild but
reduce yield have been lost. An example is the loss of the ability of
the plant to shatter its seeds. In barley, this has resulted from loss-
of-function mutations in either one of the genes Btr1 or Btr2 (162).
The mutated plants were selected for by early farmers during
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domestication of this crop as they allowed for harvest without
grains falling to the ground. In general, domestication of plants does
not depend on new genes but results from changes in gene function,
changes that in most cases involve loss of gene function.

Wild plants and orphan crops that tolerate abiotic stress already
have all the genes required for the trait (163, 164). So, for the
domestication of such plants, no new genes are required. Loss of
function and/or changes in the strength of gene expression can be
obtained relatively easily by new methods of gene editing provided
that the editing tools can be introduced into the plant (Figure 6B).
This is what makes accelerated domestication of wild plants an
attractive possibility to obtain hardy crops.

Domestication genes are the genes that are present in an
ancestral plant in an unmodified form and serve a natural
purpose but when mutated result in a domestication phenotype
(e.g., higher yield). Knowledge of the nature of domestication

10.3389/fsci.2024.1416023

genes has been steadily increasing, and two main conclusions
can be drawn. First, the low-hanging fruits (i.e., the genes that
when mutated result in a substantial increase in yield or other
important domestication traits) are quite few, maybe fewer than
10; and second, many domestication genes are conserved between
species (161). For example, close homologs of barley Btrl and Btr2
are present in other grass species, which implies that the ability of
these grasses to shatter seeds would most likely be lost if any of
these homologs were made dysfunctional (165). The barley genus,
for example, abounds with species that tolerate extreme salt and
drought stress (166, 167), and mutating Btrl or Btr2 homologs
in these species could be a first step to obtaining a domesticated
salt-and/or drought-tolerant barley. Examples of resilient wild
plants and underutilized crops that could be candidates for
accelerated domestication are given in Table 1. Of note is that
polyploid and perennial plants may have an increased ability to

TABLE 1 Selected resilient wild plants and underutilized crops that are promising candidates for accelerated domestication.

Scientific name Common

name

Ploidy?

Lifestyle Examples of drought and/or

salt tolerance

Poaceae (cereals)

Aegilops tauschii Coss. Goat grass Annual 2x (168); (169); (170); (171)
Calamagrostis arenaria (L.) Roth European beachgrass =~ Perennial 4x (172); (158)
Eragrostis tef (Zuccagni) Trotter Teff Annual 4x (173); (174)
Hordeum vulgare subsp. spontaneum (K. Koch) Asch. Wild barley Annual 2x (167); (175)
& Graebn.
Leymus arenarius (L.) Hochst. (lyme grass) Lyme grass Perennial 8x (176)
Leymus chinensis (Trin.) Tzvelev False wheatgrass Perennial 4x (177)
Oryza coarctata Roxb. - Annual 3x (178); (179); (180)
Oryza glaberrima Steud. African rice Annual 2x (181); (182); (183); (184)
Oryza latifolia Desv. - Perennial 4x (185)
Oryza longistaminata A. Chev. & Roehr. - Perennial 2x (186); (187)
Thinopyrum elongatum (Host) D.R. Dewey Tall wheatgrass Perennial 10x (177)
Thinopyrum intermedium (Host) Barkworth & D.R. Dewey = Intermediate Perennial 6x (165)
wheatgrass
Thinopyrum obtusiflorum (DC.) Banfi Tall wheatgrass Perennial 10x (188)
Triticum turgidum subsp. dicoccoides (Asch. & Wild wheat Annual 4x (167); (175)
Graebn.) Thell.
Fabaceae (legumes)
Cajanus cajan (L.) Huth Pigeon pea Perennial 2x (189)
Laburnum anagyroides Medik. Golden rain Perennial 2x (190)
tree
Lathyrus sativus L. Grass pea Annual 2x (191); (192)
Lupinus angustifolius L. Narrow-leafed lupin Annual 2x (193); (194); (195)
Macrotyloma uniflorum (Lam.) Verdc. Horse gram Perennial 2x (196)
Medicago sativa L. Alfalfa Perennial 4x (197); (198)
(Continued)
Frontiers in Science 16 frontiersin.org


https://doi.org/10.3389/fsci.2024.1416023
https://www.frontiersin.org/journals/science
https://www.frontiersin.org

Palmgren and Shabala

TABLE 1 Continued

Scientific name

Common
name

Lifestyle

Ploidy?

10.3389/fsci.2024.1416023

Examples of drought and/or
salt tolerance

Fabaceae (legumes)

Vicia ervilia (L.) Willd. Bitter vetch Annual 2x (199)

Vicia sativa L. Common vetch Annual 2x (200)

Vigna subterranea (L.) Verdc. Bambara groundnut Annual 2x (201); (202); (203)

Vigna vexillata (L.) A.Rich. Zombi pea Perennial 2x (204); (203)

Vigna unguiculata (L.) Walp. Cowpea Annual 2x (205); (206); (203)

Others

Amaranthus caudatus L. Peruvian amaranth Annual 2x (207)

Amaranthus cruentus L. Red amaranth Annual 2x (208); (209)

Amaranthus hypochondriacus L. Prince-of- Annual 2x (208); (209)
Wales feather

Chenopodium quinoa Willd. Quinoa Annual 4x (210); (211); (212)

Fagopyrum esculentum Moench Buckwheat Annual 2x (213); (214)

Fagopyrum tataricum (L.) Gaertn. Tartary buckwheat Annual 2x (215)

Physalis pruinosa L. Ground cherry Annual 2x (216)

Salvia hispanica L. Chia Annual 2x (217)

Solanum pimpinellifolium L. Currant tomato Annual 2x (218); (219); (220)

“ Rare ploidy numbers are not given.

adapt to changing (221) and challenging environments (163, 222
224), respectively.

The feasibility of accelerated domestication has been
demonstrated by de novo domestication of wild tomato (218, 219)
and accelerated domestication of wild groundcherry (Physalis
pruinosa) (216), allotetraploid rice O. alta (185), and sheepgrass
(Leymus chinensis) (177). It may also be a strategy for the
domestication of salt-tolerant crops (106, 218).

Although these results are promising, the question remains
whether harvesting the low-hanging fruit will be sufficient to obtain
yields that are comparable to our present-day high-yielding crops. If
yields are lower, we will need more land to grow plants to maintain
food production at the same levels as today, which is unacceptable
from a sustainability point of view (225). Many yield-related traits
are multigenic and depend on QTLs that each contribute only little
to the trait. As yield ultimately is a multigenic trait, a question arises:
how many domestication genes need to be modified to transform a
wild plant into a high-yielding crop? And how many of those have
not been identified so far?

Where do we go from here?

Crop yields are already declining due to increased soil
degradation, extreme weather, and salinization of soils.
Considering predicted climate change, this problem is likely to be
aggravated in the future. The only way forward on to increase
crop yields is to bring new land under the plow. A more
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sustainable but still very demanding breeding goal will be to
maintain yields on the land area already producing food. This will
require crops with increased tolerance to abiotic stresses such as
salinity, drought, and hypoxia. Improving abiotic stress tolerance is
therefore a must under the current climate scenario. As tolerance to
most abiotic stresses is a highly complex trait (both
physiologically and genetically), the search for a “silver bullet”
solution (e.g., an attempt to find and introduce a “key gene”) can
be counterproductive. Thus, we must accept that either the entire
“package” of genes needs to be re-introduced into modern crops or
we should follow the path of de novo domestication (for higher yield)
of already tolerant orphan crops and/or wild plants (Table 1). It is
still too early to conclude which of the two strategies, rewilding or de
novo domestication, will be most effective for future sustainable
agriculture; both strategies are extremely commanding, and their
realization remains a major task for plant science. What is clear,
however, is that, given the importance of the issue, rapid action is
needed in both spaces. This is echoed by the recent State of Food
Security and Nutrition in the World 2021 report, which states that we
are not on track to meet our commitments to end world hunger and
malnutrition in all its forms by 2030, as was the initial aim (226). To
achieve these goals, two major hurdles need to be overcome. The first
hurdle is the slowness of acceptance of the need to use cell-based
phenotyping and continued reliance on usage of whole-plant
physiological indexes for breeding crops for abiotic stress tolerance.
The preference for low-cost whole-plant-based high-throughput
methods comes with the cost of losing critical information and
may be counterproductive and even misleading in the long term.
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The second hurdle is related to public acceptance of modern
technologies and legislative issues. Worldwide, consumers are
showing limited understanding, misconceptions, and unfamiliarity
with plant gene technologies in agriculture (227). Such consumer
behavior is influenced by psychological, social, cultural, personal, and
economic factors, including scientific knowledge, lifestyle, personal
welfare, income, religion, and beliefs (226). However, without
embracing such new technologies, the issue of abiotic stress
tolerance in crops and, hence, global food security, will be a
monumental challenge.
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