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L. INTRODUCTION

Crop species differ widely in their ability to grow and yicld under saline conditions. However,
almost all crop plants belong to the glycophytic category, exccpi fur 8 few crop species such
as sugar beet, which has halophytic ancestors. By ecological lophytes ure the
native flora of saline habitats {1]. From a crop improvement perspective, the variability for
nhmly tolerance within a crop spcucs or among its wild relatives is important. It i» also

to und I the ! iolog chanisms of salmny f g within o
uvp species so that suitable brecding gics can be developed for lmprovmg sulinity
tolerance. There are several reviews covering the general responses of plants to sulinity stress
and the mechanisms available in halophytes and glycophytes which allow them to cope with
saline habitats [2-7). However, little attempt has been made to integrate information on these
physiological aspects into genetic improvement concepts.

Salinity creates stress by reducing the osmotic potential of the rooting medium and increasing
ambient concentrations of ions suchas Cl, $O4, CO;y, 11COy, Na, Ca, and Mg, Being glycophytes,
crop species have no appendages, such as salt glands, bladders, or hairs, that excrete salts absorbed
in excess from their shoot tissues. The limited compartmentation ubility of the shoot demands
strict regulation of ionic delivery to the shoot. Physiological mechanisms controlling salt
absorption and distribution in crop plants, and the osmotic adjustment that is essential for
turgor-driven water uptake, arc v.ovmd in this chapter. We specifically address the question of’
how infl ion on these physiol hanisms could be utilized in genetic improvement
progi asani |

g
g pproach to improving salinity tolerance in 4 given crop.

0. REGULATION OF ION TRANSPORT

Plants regulate their intracellular ionic composition to maintain a suitable ionic environment for
the physiological and biochemical processes that proceed within a cell. This intemnal environment
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needs to be maintained within acceptable limits if plant growth and function are to procaedi’
<aline envirenments [8]. Salinity under field conditions is characterized by a mixture of ul

However, Naand Cl are predomi in most situations. Therefore, most studies of salmuyefl’ecu
refer to NaCl salinity as a model system. although the cffects of all ions that are in excess ina
<aline environment on nutrient upmkc are recognized. Similarly. duc to the importance of K iq
plant nutrition and because the cffects of Na on K uptake have been studicd extensively, we refes
primarily 1o this interaction in our discussion of ion uptake mechanisms.

K

A. Regulation at Root Memt ‘

g Wy

The concept of dual mechanisms of ion transport is a useful framework for describing ion uptake
141 At low concentrations of K in the external solution, below 1 maf, uptake of K, described
by a discrete Michaclis-Menten kinetic equation. is thought to operate at the plasmalemma.
We shall call this mechanism 1. At K concentrations in the range | to 50 mM, mechanism '
operates. Mechanism 2 is thought to involve dilfusive. or at least nonsclective ion movemen!
across the plasmalemma with the rate limitation inward from the plasmalemma, probably at the
tenoplast {9]. For mechanism 1, there is a high sclectivity of the active transport mechanisy
for K over competing cations such as Na. For mu.h.mmu 2. this level of sclectivity is no
present. Mechanism 1 is not infl I by the o ion, but mechanism 2 is
For example, compared with Cl, SO, severely depresses K absorption at K concentrations it
the range of mechanism 2 but not in the range of mechanism 1. This dual phenomenon of ior
uptake ‘has been described for various plant and ionic speci ies (see p. 136 of Rel. 9).

Sclective ion transport. at least in the range of mecl 1. depends on bolic energ)
derived from adenosine triphosphate (ATP). This allows charge separation across cel
membranes. through primary transport of 1, thus creating a localized electrochemical gradien
for other jons to traverse the membrane [ 10-12]. Cations move in the opposite direction to H1
tantiport), while anions are co-transported with it (symport) or move as antiport to OH™ u
Heos [13).

Selectivity between jonic species is governed by the particular binding properties of cel
membrane constituents. Little is known about this pracess. due to limited knowledge of plan
membrane structure and function [13-15)  Breakthroughs in this regard will allow for a
understanding of the molecular basis of ion transport and the effects of salinity on this process
The entry of Na or other ions in excess in the ambient solution can be controlled by this selectiv
kinding. An alternative for regulating K/Na levels inside root cells is by means of an ou(wudl
directed Na pump at the plasmalemma-[2.16-18].

In most situations, saline or otherwise, Na movement across the plasmalemma into root cell
is thought to be passive down an electrochemical gradient | 7]. Forexample. the membrane lcakag
of Na accounts for the evtoplasmic Na levels found in rice [ 19]. Jeschke [6] has proposed a mode
1+ explain K/Na exchange at the plasmalerma (Figure 1), the components of which are:

1. A proton pump powered by ATP generates an clectrical potential difference and proto
gradient across the plasmalenina.

2 The electrical charge of 11 is compensated by an influx of K at a specific site o1 channel
This site has a lower affinity for Na.

2 The proton gradient provides encrgy for extrusion of Na from the cytoplasm by a H/N
antiport: this site is rcported to have a lower affinity for K.

There is variation among crop species in their K/Na exchange capability [6,20]. Barley
wheat, and rye showed cificient K/Na exchange compared 1o sensitive specics such as Alliw
o tra and Helianthus anms [20). The existence of genotypic differences in this trait within
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Figure 1 Model of the proton-mediated K/Na exchange system at the pt I and Na'K eachi
system at the tonoplast. 1, Proton pump: 2, K uniport ti.e., system L of K oinflux): 3, H-Nu antipon; 4,
H* -anion symport. (From Rel. 6)

crop species and its relation to salinity tolerance is not known. Such information is vital t an
evaluation of the potential utility of this trait in genctic improvement programs for salinity
tolerance. ‘The rclation between K/Na selectivity and salt tolerance has been reviewed
[2-4.21-23]. Variation in K/Na cxchange suggests at least quantitative differences in membrane
properties among different crop species 6] The general response of many crop plants 0
moderate increase in external salinity is increased plant K levels and reduced Na concentrations
in tolerant relative to nomolerant genotypes {24-29].

For the high-affinity systemy mediating K influx (Epstein’s mechanism 1), a proton pump
appears to be present in the plasmalenimi of root cortical cells |6]. However, the gruded response
of Na-efflux o added K suggests quantitative ditferences between species, and perhups amony
genotypes of a crop species, in the number and efficiency of sites mediating the 1/Na antipont
[6]. The number of sites for the 11/Na antiport needs to be quantified and the existence of
genotypic variation within a crop species estimated to determine the feasibility of favorable
genetic manipulation of this trait.

AtK concentrations above T mAZ, in the range of mechanism 2, seleciivity is diminished in
the face of competition from other ions, such as Na, in the ambient medium. Whether this is due
toincreased passive movement af all umbient ions across the plasmalemma, down an electrochem-
ical gradient, or less selectivity in an active transport process remains unclear (9], Eventually,
however, if ambient salt concentrations reach high enough levels, membranes would become com-
pletely permeable. Information on species or genotypic ditferences regarding the level at which
such physical disruption occurs may also provide a guide to sclection for sulinity tolerunce { 30,31},

Most of the kinctic studies referred (o ubove were carried out on tissue previously starved
of salts (low salt status). However, as cytoplasmic concentrations of absorbed ions increase,
influx rates slow down, indicating a feedback mechanism controlling active influx of ions
(13,32}, For example, K concentrations in the cytoplasm of normally growing plants are
maintained in the range %0 (o 11O mAf {21} Although there is consideruble speculstion on the
nature of such feedback mechanistns 113, their further understanding would also assist in
selection })Rgcnnlypcs that better control their ion transport processes at the plasmalemma,

B. | flular Comp ation in Roots

Vacuoles occupy more than 80% of 4 mature root cell’s volume and thus provide a means of
osmotic regulation for root tissue {33}, This is achieved by [ ion of inorganic salts,
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s
primarily because these are metabolically inexpensive compared to organic solutes. Salt |
maove across membranes more easily than do molecules of large molecular weight. There,f
considerable metabolic costs in transporting photosynthates from the shoots for usc as os:
in roots (34].

Inorganic ions contribute substantially to osmotic adjustment in root cells of glycophy
under =aline conditions. Ifowever, the amount of osmotic adjustment varies from one 8pec
1o anather and could be an important factor in determining salinity tolerance. Roots of ma
glycophytic crop species contain sustantially higher levels of Na and Cl under saline conditic
than do shoots [29,35]. In pigeonpea (Cujanus cajan) and its wild relatives, the most tolen
genatypes retained higher levels of Na and Clin the roots, and this was associated with salin
tolerance in this crop [29.36). Ability to retain Na and Cl in roots breaks down at a giy
concentration, leading to Jarge-scale translocation of these jons to the shoot, with resultant
monality. This critical level varies between pigeonpea genotypes and between pigeonpea's
its wild relatives. and is considered a determinant of the level of salinity tolerance [29). A

The cytoplasm shows a strong sclectivity for K over Na, Mg over Ca, and P over Cl
NO, {27.37]. Optimal concentrations for various ions vary in the cytoplasm; thus when i
enter the protoplast above this concentration, they may be actively transported through,
tanoplast into the vacuole. However. these ions could be recovered from the vacuole, depend
on the metabolic requirements in other plant parts. Retranslocation of K is one example {6

Vacuoles play an important role in maintaining stable levels of various inorganic iong
the cytoplasm. by acting as a storage reservoir for these ions [33]. Under NaCl salinity,:
and CI are nurmally the predominant ions entering the protoplast of root cells. These ions:
actively pumped into the vacuole after reaching a threshold concentration in the cytoplas
This would reduce the flow into the xylem of Na and CI and of other ions associated w
<alinity (e.g.. Ca. Mg, $O,. COy) and thus restrict their translocation to the shoot. i

The general hypothesis is that Na and CI must be excluded from the cytoplasm. This
baced on the sensitivity of enzyme activitics to high NaCl levels in vitro [7]. High levels of
in the cytoplasm are reported to interfere with K metabolism, resulting in jonic toxicity; bu
is not known what Na lcvels are biochemically compatible with other cytoplasm solutes |
In com, cytoplasmic Na concentrations can reach 40 to 70 mA under nonsaline conditions [2
hut can rice to 140 mAf under 10) mAf NaCl external salinity and become toxic to the pli
In roots of the halophyte Triglochin maritima exposed to 500 mdM NaCl, the Na/K ratio 1
only 2 in the cytoplasm compared to 15 in the vacuole, although there was approximately
mAf Na in both compartinents [38]. Thus the tolerance of the cytoplasm to Na can vary betw
species. As lang as tissuc Na concentration is below the level acceptable for the cytopla
more <ophisticated p ion may not be necessary (7]

There are scveral factors that could mitigate the adverse effects of excess ions in
cyteplasm. Onc is the type and guantity of organic solutes that could modify the tolerance I
of cytoplasm to monovalent cations such as Na. Another is the existence of isoenzymes
many enzyme systems, which may have different tol hresholds in the cytopl In
mays, although the total acid phosphatase activity was slightly reduced under salinity, cer
isoenzymic forms of acid phosphatase increased in different plant parts (39]. Similarly,
relative proportions of malate dehydrog isocnzymes were changed during salinity st
in pea seedlings {40].

In sunflower. a plastome mumn( line that has higher resistance to salinity than that o

| line, rep jly produccd a unique isocnzyme of peroxidase under saline condit

llll This isoenzyme was found to be resistant to NaCl or Na,SO, salinity up to 1.2%

* 2.4% respectively.in vitro. Cavalieri and Huang [42] reported that enzymes isolated from n
were distinctly more tolerant to Na than those from the shoots: these results might reflect o
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differences between shoots and rools and in compartmentation betw cen ¢ytoplasm and vacuole
[33). Another possibility is that certain isoenzymes exist only in certuin plant parts; for example,
the isoenzyme patterns of shoots could be different from thuse of routs {43}, Thus the statement
which is often made—that “there are no differences in enzyme systems ol halophytes snd
nonhalophytes in their tolerance to monovalent cations in vira” 13,21,44-46), needs tu be
reexamined.

Another aspect of the aduptation of higher plants 10 sulinity is compartmentation within
the cytoplasm, because the cytosol is particulurly sensitive to uctuating salt levels }35). For
cells involved in salt transport, the rough endoplasmic reticulum (RER) pros ides a compartinent
within the cytoplasm in which salt may be sequestered [35]. Substances can be transporied
symplastically through the RER, via desmotubules. This may also provide a means ol ion
transfer to vacuoles without disrupting ion concentrations in the cytosol, us RER cisternae muy
fuse with the tonoplast, releasing their contents into the vacuole |33

Several hypotheses have been proposed ta explain the mode of jon transport trom c)‘luplu:m
to vacuole through the tonoplust. Pitman and Suddler [16) locuted an inwurdly directed Na
pump at the tonoplast thut would effectively deplete Na levels in the cytoplusm. Jennings [47)

propased a very similar model for transport of Nu itom the cytoplasm into the vacuole by micans

of NnIK exchange. Proton pumps poweud by ATP ure ulso thought w play a crucial role in

g the S ial diff required 10 energize

Iunnplasl ion transport [48,49]. Two types of proton pump are reported o be located in the

tonoplast; they are catalyzed by functionally und physiologically distinet phosphobydraluses:
tp-ATPase and tp-PPase (tonoplast pyrophosphatase) [48).

Exchange of Na and K ut the tonoplast can occur only while K reinains in the vucuule (o).
Thus distribution of K and Na between vacuole and cytoplasin appears to be crucial for salt
tolerance [21,23), and since vacuolar K concentration represents a potential reservoir that could
be removed by exchange for N, the allocation of these ions needs 1o be repulated. However,
the vacuole of root corticul cells is in some respects 4 dead end; continued selective transport
across the root depends on selective transport at the pointof entry of salts intu the cytoplisi,
which depends on the ubility of the plusnunnembrane o restrict passive intlua ot sodium and
maintain high K/Na selectivity |50}, Thus without control of the quantity ol salt that is allowed
into the root or that reaches the leaves, intracellular compantimentation eithier al fout cortex or
in the shoot would in any case be a very limited option |7). The vacuol:'s rule may be more
in using Na as an osmoticum instead of K and in providing a source of stored K under sulinization
rather than as part of a selective systemn of salt transport across the roat (30,

C. Regulation of Long-Dist T

port to Shoots

Beyond the plasmalemma, there are several other possible barriers that could ninimize transpurt
of excess salts to the shoots. An impontant one is movement of salts trom aylem parenchy nis
cells into the xylem stream. Evidence favors this process being mediated by active transpont
(9], with the possibility of further selectivity in ion transport. Xylem parenchyma cells can be
diffesentiated as transfer cells (XPTs) with well-developed wall protubicrunces adjucent o the
bordered pits of xylem vessels in the proxiinul region of roots and stems. These ure reporied
in Phaseolus coccineus 135}, Glycine max |51], muize [52,53}, and squash |54]. These tranaler
cells'accumulate K in the absence of NaCl in the growth medium and Na under suline (NuCly
conditions [51].

A salt-induced formation of wall ingrowths has been reported for xylem parenchymus cells
in soybean’ [51,55]) and for the root epidermis cells of Phaseolus coccineus (35). Xylem
parenchyma cells and transfer cells are both cupuble of restricting solutes, particularly Na, by
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exchange with K from the transpiration stieam | 31,56]. These XPTs have been reported t
accumulate Na selectively from the transpiration stream and then transter it o the philoem
pathway to be extruded by the roots [57] o Lvcopersicon. XEPDs inthe leal petiole iemaove
Na from the xylem sticam before it enters the feat Lamina [ S8). 1Cappears that the entite aylem
transport pathway has a backup reabsorption sysiem o). ]

The cytoplasm of these transfer celly cantains cisternae of RER which increase under NaCl
or Na SO, salinity in Phaseolus coccinens hypocotyl and epicotyl |35 and in Zea mays |56}
RER could permit a large flow of ions through the cytoplasm of xylem parenchyma celll'l
assuming that ions are localized mainly in the vacuole {3]. The quantitative signiticance oflhh
reabsorption process from the xylem in regulating Na-ion transport to the shoot is not knowmn;

The ability of XPTs to absorb Na is finite and could be exhausted rapidly under saline
conditions [§9]. Some lateral redistribution is possible, however., but this may not be sufﬁctenl
to prevent Na from eventually reaching the shoot [60]. However, XPTs have a limited cnpablllty
to store Na, and this Na needs to be removed to the lateral tissue for XPT to continue absorbing
Na from the transpiration stream. This Na could be loaded into the phloem and translocated w
the roots. where it could either be further compartmentalized or extruded. Such Na exlnmou
has been reported in H. vulgare [16,18.61) and P. vulgaris [62). Thus the practical sngmﬁcmeg
of XPT cells in the basal part of the stem may be limited in controlling Na flow into the shoo!
1o a low degree or a short duration of salinity stress [63,64]). The existence of quumllllm
variation in XPT's among genotypes in telution to differences in salinity tolerance is not known!
Such knowledge is necessary to evatuate the usefulness of this trait from a genetic |mprovcmem
perspective.

.

P
A
Oentli [68] predicted that apoplastic salt Toad could cause water deficit and turgor loss in leal
cells and proposed it as a mechanism of salinity damage. This concept has reccived renewed
interest [4.66-68]. Under saline conditions, Na and CI can bypuss the ion transport control
mechanisms discussed carlier. be cartied upward in the xylem stieam, and be delivered 10 the
apoplasts of leaf cells [69]. If shoot protoplast accumulates these ions beyond levels that an
tolerated in the cytoplasm and its compartmentation capacity of the vaguole, disruption of th
metabolic functions due to jonic toxicity would result [70}. On the other hand, a failure to &
so would lead to jon accumulation in the apoplast, which could reach very high levels in ¢
short time. as the apoplast occupices only 19 of the cell's volume [65,70). For instance, ever
if 90% of the NaCt artiving in the xylem (plams grown at 50 mAf NaCl externat solution) i
accumulated in the protoplast, the apoplastic concentrations could reach 500 mAf within 7 day.
[70] and cause cell death. although the average tissue Na and Cl concentrations may not reacl
100 mAf. Because of the small apoplast volume. such ion concentrations in the apoplast couk
occur at overall low tissue concentrations and would thus escape detection in standard tissw
analysis |70]. Excessive accumulation of salts in the leafl apoplast would cause turgor loss
stomatal closure, and cell dehydration.

Water deficits in a particular leal, as opposed ta the plant as a whole, could be an inevitabl
consequence of increasing apoplastic salt load 165] and will occur whenever the rate of arrivs
of NaCl in the xylem is greater than the rate of accumulation of these ions in leaf cells [67]
Thus arguments that plants have adjusted osmotically to external salinity, which are based o
comparisons of solute concentrations in tissue water with external salinity, need 10 be viewe
v.nb cmuon l7l] The success of a crop species in survmng and reproducing under salin

Jerubly on its ability to regulate jon delivery into the xylem streas
without tnusnng ion tovicity in leuf protoplasts or apoplastic salt buildup |70]. Genotypes th:

D. Apoplastic Salt A
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could more effectively transfer NaCl from leal apoplast into leaf cells would be at an advantage.
Although this increases their protoplast salt concentrations due to the relative volumes of
protoplast and apoplast, this is considered t be less serious than the consequences of apoplastic
salt buildup {19,70}.

E. Phloem Retranslocation

When Na or Cl levels in the eytoplasmy of mesophylt cells reach a tolerance thieshold and their
compartmentation capacity becomes saturated, additional Naor Clions can immediately be
transported by intraveinal recycling so as to prevent apoplastic buildup of Nu or Cl or ion
toxicity in the cytoplasm [64]). Since there is no barrier between the xylem and the leaf apoplast
(72}, ions can be actively Joaded into phloem vessels (73] This mechanism may play a
significant role in the regulation of Na or Clions in the shoot [54,62,74]. Based un cytoplasimic
Na concentrations, it has been estimated that newrly 25% of the Nu entering the leaf can be
retranslocated by the phloem [33). However, phloem loading and retrunslocation of Na or Cl
is seen as metabolically expensive. Large quantities of Na or Cl in phloem retlects poor contral
at the root level in regulating ion Now into the xylem. This was found in siudies by Lessuni
and Marschner {75], where phloem translocation of Na or Cl s greatest in sensitive species
such as bean, and least in tolerant species such as barley and sugar beet [27],

Among a range of species, there was a signiticant correlation between a deerease in dry
matter production at 100 mA/ NaCl in the medium and Na retranslocation from leaves.,
particularly, efflux from roots (Figure 2) [75]. It incoming ions are excessive to the shoat’s
compartmentation ability and the phloem translocation capacity. overloading of Na or Cl ions
into the phloem parenchyma transfer cells could occur. This would result in destruction of
phloem transfer cells [64,76]. Although phloem retranslocation does contribute (o regulation
of Na or CI levels in the shoot. it appears to have a limited role in this regard and thus in
determining the level of salinity wleiance. Regutation of*Na and CI levels in the shoot lies
primarily with the root's ability to regulate Na or Cl low into the xyleni. ruther than the shoot’s
ability to retranslocate to the root {59,

Availability of sufficient K in growing and expanding regions of the shoot and root is
crucial to maintenance of K/Na selectivity and suhscqucu( Na comp.mnwn'ulmn in the root
cortex. In addition to efficient K/Na selectivity at the t . phloem port of
K reserves within the plant plays an important role in salinity tolerance. Potassiun is remobilized
from mature leaves by removal of vacuolar K through Na/K exchange at the 1onoplast of
mesophyll cells. This K is then retranslocated to the growing regions of the root, shoot, and
expanding leaves, where there is little vacuolar space and the cytoplasim occupies a major
portion of the cell. These growing zones require large quantities of K to meet their demands
for osmotic adjustment in the rapidly expanding vacuolar space. Leaves develop and expund
close to the shoot apex and derive their mineral nutrient supply from the phloem twhich is rich
in K), particularly since phloem tissue differentiates prior o xylem elements [77]. With
increasing leaf age. minerals are imported mainly by the xylem. which is high in Na levels
compared to phloein supply. This Na is compartmentalized through NaK exchiange at the
tonoplast: thus K is recovered from the vacuole to provide a major souve of K for retranstocation
23).

Nearty 20% of K arriving in the shoot through the xylem could be retranslocated o the
growing regions of the root, where high K levels are essential [6]. Such K vetranstocation has
been reported in barley [78-80], womatoes, and lupins [6]. The ability to remobilize and
retranslocate K into the growing region of the root and shoot plays an imporant role in Na
compartmentation in the root cortex and in maintaining a high K/Nu ratio in shoot growing
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Figure 2 Relationship between d in dry matter ion and (a) Na retranslocation and (b)
efflux of Na from rewns, in species differing in their tolerance to salinity. (From Ref. 75) .

regions, thus protecting them from Na or Cl toxicity. Most tolerant crop species, such as barley
anJ sugar beet, have a very cfficient K recirculation system which is tightly linked to Na
regulatory mechani This hanism may also be important in determining genotypic
differences in salinity response.

F. Role of Transpiration

Shoot ion ions are a prod ol‘ pirati rnlc. xylcm mn concentrations, and
growth rate [81]. Under high evap ional d while K/Na
cclectivity decreascs. resulting in m:rcavcd Naand Cl up(nkc (82. B‘l Alternatively, a reduction
in transpiration can decrease jon lNa and Ch uptake [6.27.60}.

There are a ber of hyy prop to explain i l xylem sap Na and C1

tevele under high cvapotranspiration rates in-saline growth media. Enhanced water flow interacts




Genetic Improvement of Salinity Tolerance 815

with ion flow across membranes of root cells at more than one site, thus interfering with
processes that regulate the balance between ion accumulation in the root cell vacuole and
transport to the shoot [6). Increased water flow due to transpiration promotcs passive ion
movements where there is no active transport barrier (84].

Water flow can promote the ion flow across the cortex toward a pump that secretes ions
into xylem vesscls {80]. lons could either be moved by water along an apoplastic pathway at
high concentrations or be coupled to water Now during symplastic pussage acruss the root [83].
High transpiration rates increased Na transport more than K, thus shilting the selectivity toward
Na [86,87]. Potassium ions absorbed in roots may be rel J through Nw/K exchunge, mainly
from vacuoles, for transport to the shoot at times of high evaporative demand |6},

In halophytes, the entry of ions such as Na or Cl into the roots or their release to the xylem
sap is tightly regulated at high evapotranspirative demand under saline conditions, thus
regulating ion supply to the shoot. Certain morphological features, such as increased width or
early development of Casparian strips [88] or formation of a double cndodermis [89,90], have
been reported to develop under high evaporative demands, thus minimizing the passive influx
and bypass flow of Na and Cl ions into the xylem. We are not aware of such anatomical chunges
reported in any crop species under saline conditions. It may be worthwhile to examine genotypes
that show high salinity tolerance for such kinds of adaptive features. Since water use is tightly
linked to ion uptake and sclectivity, the morphological and physiol I traits that increase
water use efficiency (WUE) in a given genotype could have a role in determining salinity
tolerance |81]. In rice, genotypes that showed higher WUE also have a higher level of salinity
tolerance [81].

. ORGANIC SOLUTE ACCUMULATION

A wide variety of organic solutes have been reported 1o aecwmulate in plant tissues during water
and salt stress conditions and contribute to osmotic adjustment [91]. The ¢hemical nature of
the compatible solutes varics from onc tuxonomic group to another, but most are derivatives
of polyols or nitrogen dipoles [27] (Table 1). Osmotic adjustment by the plant promotes turgor
maintenance and is thus associated with adaptation to both high soil salinity and low soil
moisture [4,92). Compatible solutes arc an important factor in the osmotic balance of the
cytoplasm under salt stress {21], where sodium salts are seq! I to play a pl

osmotic role in the vacuole [3.21,23]. [However, this is considered to be a halophytic mode of
osmoregulation [93), which is energetically more efficient thun overall osmoregulation by
organic solutes {5,94], which is a common feature of glycophytes [91].

These organic solutes may somprise common metabolites such as sugars, amino acids such
as proline [95-98], and organic acids such as proline betaine (99] und other aliphatic quaternary
ammonium compounds [ 100]. There is evidence that solute accumulation is a regulated process
and not merely the result of a discrepancy between the sensitivity of the growth process and
photosynthesis to stress | 101]. Nevertheless, metubolites such as glucose und sucrose secumulate
in tissues whose growth has been inhibited by stress [91].

The type of stress would determine which compounds act ws osmotic solutes [102]. In
grain sorghum, hetaine sccumulates only under moderate levels of salt stress, not under water
stress {102). However, in crops such as wheat, barley, and rye. betaine accumulates under
water stress as well as salinity stress [102]. Nevertheless, salinity is reported to be the mure
effective 1} of betaine lation [103]. In barley, more glycine betaine is
sccumulated under gradual stress, but proline is the predominant solute under sudden stress
{104).
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Table 1 Types of Compatible Solutes That Could Accumulate Under Salinity Stress in Various Plant

Speciet
Selute Structure Distribution
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"= ('-' —oH
H— CI — Oh
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("M.ON
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H—Cc—on
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(=1 1)
OH
O’K‘ CNHg\ Leguminosenc
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OH
i OH &
L-Quebrachitol OH Euphorblaceae
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A. Role in Osmoregulation

High concentrations of organic sulutes in the cytoplasm could contribute to the asmotic bulance
when elcctrolytes are lower in the cytoplasm than in the vacuole [95,105]. These compatible
solutes could also act as a nitrogen source [ 106] or proiect membranes against sult inactivation
{107,108]. These proposed activities may complement each other within the integrated metubolic
and ontagenic pattern of a particular species [109).

Under saline conditions, the large quantity of Na, K, and Cl and other ions that are
translocated to the shoot and contribute to the osmotic adjustment are believed to accumulate
mainly in the vacuole after reaching threshold levels in the cytoplasm {7]. This concentration
of inorganic ions could be considered as a threshold level at which accumulation of such orgunic
solutes as proline, betaine, or other compounds hegins in the cytoplasm, thus maintaining the
intracellular osmotic balance between eytoplasm und vacuole [102). For instance. in wheat,
proline began accumuluting when Na + K exceeded a threshold value of 200 mol/g fresh weight
{110]. Also, in grain sorghum, a moderate level of salt stress (0.4 MPa or more) is reguired o
induce a significant betaine concentration [111,112]. Further studies are needed to determine
the extent to which this threshold level varies amang genotypes of a given species.

The total yuaternary ammonium compounds (QACs) in the leaf tissue in wheat species
(Triticum aestiviem and T, durum) shows a high positive correlation with salinity treatment
[102). The capacity to accumulate betaine in grasses has been reporied to be correlated with
basal levels of betaine in unstressed plums [113). Crops :uch as outs and rice, which have very
low betaine levels under nonsaline ¢ ace luted very little under stress conditions
[102).

The relatively small increases in glycine betaine with increasing external salinity, wgether
with the high levels found in many halophytes at very low external salinity, implies thut this
solute may be redistributed between the vacuole and eytoplusm, depending on tissue electrolyte
concentrations [105]. Hawever, in crop plants such as sorghum, it is reported that betaine is
relatively nonlabil pared to r fs such as profine (1 14,115]. A sixfold increase in
glycine betaine levels in isolated chloroplasts of spinach under saline conditions was observed.
which could account for 36% of the osmatic adjustment in chloroplasts [116].

Proline levels can change quickly in response to abrupt stress, while other organic solutes
accumulate more slowly [112]. Thus when stress is applied slowly, less proline accumulates.
but the total accumulation of organic solutes remains predictable on the basis of tissue Na and
Cl levels [104]. Accumulation of free proline has been correlated with tissue Na concentration
in a number of crop species [117-119]. A level of 25 mol proline per grum fresh weight could
produce a concentration of 280 mAf if confined to cytoplasm, thus making a significunt
contribution to the cytoplasmic solute ial {31].

Proline concentrations were reported ta be directly proportional to Na concentrations | 120).
each increase in Na concentration is reported to he balunced by un increase in proline
concentration cqual to about 4% of the rise in Nu {121). This relationship between stcady -state
proline concentrations and Na levels indicates its role as a cytoplasmic solute [121]. Proline
levels for various grasses (Sorghton bicolor. Agrostis stolonifera, Cyanodendactyla, Paspalum
vaginotm, ctc.) increased in tesponse to Na accamudation {120]. However, overall proline
Tevels and acotmulation rtes were highly variable among grasses and therefore are not relisble
indicatnrs of relative olerance lesels (120]

In pigesnpea. proline levels ncreased with increasing external salinity in two genotypes
differing in their salt wlerance. The highest proline levels are observed at 10.08/m, where bath
genotypes died subsequently [29]. Amaong the wild species related to pigeonpea, there is a steady
increase of proline levels with increasing external salinity in only u few species (Figure 3), There
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Figure 3 Proline accumulation in the wild relatives of pigeonpea (Arslosia sp.) at various salinity leveli
1 eaf samples were callected ot S0 days after sowing.) 1. A. alhicans: 2. A. sericea; 3, A. acutifolia; «
A linear: S, AL cajanifolia: 6. A, voluhilis: 7. A, reticulata: 8, A. Grandifolia; 9, A. goensis; ID,J
lanc eolata. (From Refs. 29 and 157.) 1
.

was o clear relationship between salinity tolerance and proline accumulation, as proline accun
ulated te higher levels in hoth sensitive and tolerant species [29]. Similarly, some tolerant an
<ensitive species did not accumulate significant levels of proline at any level of external salinity
thus defying any simple relationship between proline ace 1 and salinity tol [29].

It is usually assumed that the cytoplasm comprises about 5% of the cell's volume, proline i
accumulated in the cytoplasm, and Na is largely sequestered in the vacuole [121). Under thes
conditions, proline alone could merely osmatically balance the Na. However, other ions an
organic <olutes are al<y likely to be involved. as ficld salinity is often caused by a mixture of salu
Thus a variety of ions, particularly K. Mg. or Ca. can accumulate in the cyloplasm under thos
conditions. Given the wide range of organic solutes that can accumulate in different crop speci
(Table 11 0reven amaong diffcrent genotypes within a crop species. which may have a functionall
similar role. it would be unrealistic to expect any direct correlation b salinity tol an

acc of any particular organic solute, either qualitatively or quantitatively.

B. Role in lon Compartmentation

Compatible solutes or cytosolic solutes could play an mnponanl role in regulating intracellul
ion distribution under salt stress, thus inducing Na ion in the le {120]. Externall
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applied glycine belamn is rcpuncd to increase vacuolar Na concentration in barley roots (114].
The salt quired for proline acc lation could be the same as is required for
salts to be sequestercd into the vacuole [112]. The reported threshold of about 200 mol (Na +
K/g fresh weight) is only slightly above (Na + K) levels measured in unstressed leaves [112].
In sorghum, proline accumulation seems to be related to total monovalent cation concentration
whether either Na or K salts were uscd in the salinity treatment [111]. An ion pumip at the
tonoplast could become active at about the sume cytoplasmic salt ¢¢ ion that activates
the accumulation of proline or other organic solutes [112).

C. Role in Protecting Enzymes Against Monovalent Cations

Apart from the purpose of osmorcgulation, organic solutes can accumulate to protect cell
metabolism from the toxic effects of accumulated ions |3,118-120,122). Pollard and Wyn Jones
(123) demonstrated such protection using glycine betaine and, in barley leaves, with the enzyme
malate dehydrogenase (decarboxylating). Glycinebetaine has been reported to partially stabilize
enzymes and membranes agginst a range of perturbations [124]. Proline levels up to 600 ma/
did not inhibit enzyme activity in vitro [125). In barley, 1000 mAf proline did not inhibit
dehydrogenase activity [91]. Polyribosomes are stable in vitro in glycine betaine and proline
concentrations up to about 1000 mAf (126].

Thus the effect of proline and glycine betaine on enzyme systems in the presence of
inhibitory ion ions may be an expression of a wider role of such compounds in protein
stability [91]. Most organic solutes that lute under stress conditions are patible with
enzyme activity and continucd metabolism [91).

Osmoregulators can not only be compatible with cytoplasmic enzymes, but can either
promote or inhibit enzyme activity, depending on the enzyme source [127]. ‘The affinity of
phosphocnolpyruvate carboxylase (PEP Case) (extracted from Cyaodon ductylon und Sporvbolus
pungens grown on saline soil) for PEP was increased by betaine and proline, which resulted in
full protection against NaCl inhibition [127]. However, proline did not protect PEP Cuse against
NaCl when it was extracted from Salsola soda, although betaine did provide protection {127].
These differences could be due to the existence of isoenzymes.

Although organic-compatible_solutes may ameliorate some of the cffects of accumulated
ions, it seems that ion compartmentation is of greater significance in preserving metubolic
activities. In some cases the effects of patible solutes are apy only under severe stress
and act merely as a survival trait rather than having any beneficial effect on growth during
stress [128]. But they may promote growth recovery if these solutes protect enzyme systems
against stress-induced degradation, so thut they can synthetic function rapidly {91].

D. Metabolic Costs of Organic Solute Accumulation

Despite active accumulation of organic osmatica, there is no evidence of an additional cost,
and thus osmotic adjustment exists as an encrgy-cfficient and physiologically ctfective device
for alleviation of drought and salinity stress [129], However, synthesis of organic molecules
such as proline or betaine does put an additional metabolic load on the plant. When sugars are
used for osmotic adjustment, nv.-y arc net availuble for growth [129). The sccumulation uf

1 carbon is iated with osmolic udj and turgor mai {7). Tumer
HM] considers that the carbon required lor ic adj would be only a small fraction
of that produced by the plant. However, the metabolic cost of storing photosynthate and using
& for osmotic adjustment is less than the cost of converting #t 10 new biomass, which the
monstressed plants were betier able to do {129}, This explanation was confirmed by the fact
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that there was a large i in the respiration rate panicd by a rapid i indel
area when stressed plants were irrigated ll‘")l

From the above it appears that a varicty of organic solutcs accumulate under
drought stress conditions. Some of these compounds could be the result of passive ucum:m

ti.e.. due to the general reduction in growth processes). Carbon and nitrogen compoul
cimply diveried from growth-related activities to pnldutc compounds such as prollnc. ancnq
or others as a way of storing them. This avoids the f ion of toxic p uch,
ammenia or pumunc from excess nitrogen metabolites. However, there is evidence (hal
accumulation is an active process and is very strongly regulated according to immediate plu
needs as influenced by external salinity and the plant’s ability to regulate ion entry mlo.l]
transpiration stream. Also, apart from acting as an organic osmoticum in the cytoplasm, Il;q
compatible solutes accelerate the compartmentation of Na and Cl into the vacuole, thus playy
a significant role in determining the crop species level of salinity tolerance. However, it negy
1 be realized that organic solute accumulation is only vne 7 in the overall mai

of a stable i 1 fonic cnvi in the cy ,‘ which would ultimately dc(cmmvl
curvival and production potential of a crop specics grown in a saline cnvironment. Thus,f|
ability 10 accumulate organic solutes would have a positive functional rolc only if a genoty]
has the “genetic know-how™ to regulatc ion entry, particularly of Na and Cl, into the mnspanqid
stream.

V. ORGANISM INTEGRATION

. ]
Altheugh various processes that play a role in ionic and osmoltic regulation at the whole pla
level have being discussed separately. the level of salinity tolerance of a given crop species
genatype is the collective expression of a number of processes: influx sclectivity, K/Na exchang
and Na extrusion. Na compartmentation in the root cortex. Na and Cl regulation at ¢
endodermis, retrieval of Na from the xylem stream by XPT. transpiration efficiency, preventis
apoplastic lation. phloem focation of Na and Cl, K retranslocation, organic solu
accumulation. Na and Cl compartmentation in the lcaf. and others, For this reason it is o
<urprising that no single physiological mechanisnvirait shows a clear-cut direct relationship |
<alinity tolerance. Genotypes may differ in onc or many processes that regulate entry of Na(
Cl ions into the plant or qualitative or quantitative differences in the organic solutes. The:
processes interact at the organism level to determine the ultimate level of tolerance.

|
"

V. CONCEPTUAL FRAMEWORK FOR INTEGRATING PHYSIOLOGICAL ASPECTS
INTO GENETIC IMPROVEMENT PROGRAMS

There ic a substantial amount of information on the physiological responses of crop plants &
<alinity (i.e.. mostly NaCh stress. A major portion of this information deals merely with the
effects of excess salts on various metabolic functions of the plants. As Munns et al. [33) poin
out, most of this information describes only the consequences rather lhan the causes of reducex
growth or injury and is thus of limited use for i i i mto genetic impr

We believe that there is <cope for more di I physiological h that would be mop
relevant to genetic improvement considerations. Emphasis should be given to understanding
the interactions among the many possiblc processes involved, and thus “organism integration.’
The two main approaches that we sce for achicving this are the “black box™ and “physiologica
identype™ np[m‘uhés.t
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\. Black Box Approach

The black box approach attempts to proceed from established phenotypic differences (i.e.,
esponse to salinity) to the undetlying differences in physiological mechanisms contributing to
righer levels of tolerance [93,131]. Once a source of a higher level of salinity tolerance is
dentified in the cultivated species or its wild rebtives, the next step would be to transfer this
olerance to agronomically acceptuble varicties through a conventional breeding app h. Since
wlinity tolerance is a complex physiological tait, governed by different Lenec or groups of
genes, the problem is how best 1o transfer this type of trait or ensemble of traits from the donor
sarent to the recipient. A black box approach is therefore enh 1 by an und ding of the
ipecific physiological traits operating in the donor parent by conducting comparative physio-
iogical studies between donor and recipient parents. This will facilitate design of the most
lppmpnnlc Lcmm. improvement procedures. In patticular, simple and cffective meuns off

g segregating | lati for salinity tolerance ure needed, rather than having to rely
on the measurement of grow(h or yield reduction under given levels of salinity. Identification
of the predomi physiological trait or traits responsible for the genotypic dilferences measured
is desinbleA

In pigeonpea and its related wild species, there appears to be cither a curvilinear or a linear
relationship between dry matter and tissue Na or Cllevels (72 = 0.76; = 0.70; p < 0.001:
Figure 4a and b). However, this relationship is stronger for Na thun for CI. There is a significant
positive lincar relationship between tissue Na and Cl levels in both shoots and roots (r* = 0.66;
p < 0.001; Figure 4c and ). Although the overall relationship between growth reduction and
tissue Na or Cl levels appears to be positive, there is considerable variation among various wild
species in the level of ionic tolerance within their tissues. This is indicated by the scatter of
points. For instance, for a 50% reduction in growth, tissue Cl levels ranged from <1% to ubout
4%, and for Na it varied from 0.02% to about 1%. For tissue K levels, we did not tind any
significant relationship (7> = 0.008; Figure 4¢). however, there is a positive relation between
K/Na in shoot and shoot growth (#2 = 0,73 p < 0.001; Figure 4d). These data points are also
very scattered, which indicates a wide range of variation among species for their optimum K/Na
leqlmemenls ata given lcvcl of growth reduction under salinity. This is not surprising given
the plexity of physiol | hani operating in Na, K, and Cl regulation und the
number of mitigating factors that coild change the metabolic tolerance of Na and Cl levels in
the tissues.

However, in comparing genotypes that differ in their tolerance, especially among the wild
relatives of pigeonpea, we have noticed that the ability to retain higher levels of Na and Cl in
the roots could be one of the crucial factors in regulating their levels in the shoot, This regulatory
ability breaks down at sulinity thresholds that vary across species and genotypes [29,36). Further
studies have shown that this regulatory ability is expressed in the F; hybrids of crosses between
a tolerant*wild relative (Arviosia albicans) and a sensitive pigeonpea genotype (ICP 3783)
(Figure 5) |36]. Thus this trait is heritable. Further studies are required on the segregating Fa
and F; generations, including analysis of the ionic constituents, to establish the inheritance
pattern of these physiological traits.

\

B. Pt 1ol Idenh
3

Phy g type and Pyramiding Approach

An ideorvpe is defined as “a hypnthetical plinl described in terms of traits that are thought o
enhance genetic ylcld potential™ [132]. Thus a physiological ideotype for salinity tolerance
could be defined in terms of the specific phyuologml traits that are expected 1o contribute
functionally in maintaining ionic and ions under saline conditions. As expressed
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Figure 4 Rclationchips between shoot dry matter and tissue Na, Cl, K. and K/Na levels (a—-d) and between
Cland Na levels in root and shoot (eand ). (Plant samples were collected for growth and chemical analysis
at 83 days after sowing: plants were grown at 0-, 4-, 6-. 8-, and 10-dS/m salinity Icvels.) (From Ref.
157)

on a relative yicld basis. salinity tolerance is the collective expression of a number of
rhysiological traits. as described carlier.

Salinity stress normally varies over time within a crop cycle, from season to season, and
from site to site. Different landraces/genotypes/varictics that show a given Icvcl of tolerance to
<alinity are expected to have evolved a varicty of mechanisms that it ielding ability
wnder those conditi For i T iviem, Secale cereale. and Aeg:lop: squarron have
an efficient K/Na cckcln ity character because of the D genome but are less tolerant than crop
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Figure 4 (Continued)

species such as /1. vulgare and T. durnm, which are less efficient in K/Na selectivity but more
efficient in their compartmentation ability [133,134]. Similarly, such differences can be
observed among genotypes within a crop specics, which is reflected in contradictory repons
for varions crop species either confirming or disputing a direct correlation between Ki/Nu
selectivity'and level of salinity tolerance (4].

The underlying philosophy is that although different genotypes may show the same level
of tolerance to salinity, they could attain this level of tolerance ti.c., phenatype) through different
physiological mechanisms or traits. Lack of sufficient phenotypic variation for salinity tolerance
s & serious prohlem in many crops, and this is particularly so with rice [135]. Even after
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screening the entire world collection of rice germplasm. the most tolerant genolypes wwld mll
suffer about a 50% yield reduction at 5 dS/m [135-137]. Concey y, the physiologi
approach for improving salinity tolerance in crop plants should be 1o bring logelher the relevant
traits that would complement each other in a pyramidic manner (“building block™ approach) by
their selective incorporation into a single genotype or variety under improvement (i.e.,
optimization of several. probably independent. physiological mechanisms into a single variety)
{191

An analogy can be drawn from discase In g for discase
resis . horizontal resi {which can be defincd as resistance to a numberof phynolo;ml

hreedi W
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Figure 5 Effect of salinity on tissue Na concentration tgekp dry weight) ot Arvlosia albicans, Cajuanus
cajan (ICP 3783), and their reciprocal Fy, hybrids ta und b), 75 days sfier transplanting. Datu are means
of twa replications, (From Ref. 36.)

races of a discase) can be achieved by pyramiding differeny genes specifically resistant 10
individual physiological races. This contributes to the stability of a genotype ucross years in
diseasc-prone environments. The same concept could also be applied to the genetic improvement
of salinity tolerance, whereby pyramiding of genes that regulate various specilic physiological
traits into a single genotype or variety could provide that genotype with the necessary genetic
means to respond 1o various types and Jevels of salinity stress that it s likely to experience at
different locations, sites, and over years. This would contribute to its stability of production us
well as widening its adaptability to a greater range of saline environments.
The various steps involved in this kind of approuch are:

1. Define the various physiological traits having functional significance in determining the
tolerance und productivity of a given crop under saline environments.

2. Establish genetic variability and Jocate sources of high efficiency for each physiological
trait in the germ plasm. Selection should be directed toward the individual components of
salinity tolerance on a trait-by-trait basis irrespective of phenotype.

3. Establish the génetic basis for each physiological trait under consideration by studying its
inheritance pattern and estimating its heritability, which would determine the feasibility of
using that particular trait in a breeding prog!

4. Develop restriction (rag length polymorphisms (RFLP) murkers if eusily idemifiuble

morphological, physiological, or other markers are not readily availuble for cuchy physio-

logical trait, as this would streamline the sclection process of segregating materials in 4

breeding program.

Hentify genotypes for cach physiological trait which have good combining ability.

Incorporate relevant traits into an agronomically aceeptuble background hasis,

> wm

1nfe . 1 th

2 gh this exercise could be stored in a dutabase system which
would be made available to hreeders interesied in incorporating salinity tul in their

 breeding programs. This is similar o inft ion databases that are available for morphologicat
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traits from the germ plasm evaluation exerciscs at CGIAR (Consultative Group for lntemauoml
Agricultural Research) centers.
Sclection of traits to be introduced into a given genotype/varicty under improvement:
depends on the target environment in which it will be grown, and the specific traits a
variety may be lacking. For instance. a variety may be very cfficient in Na and
compartmentation in the root as well as in the shoot. but may be lacking effective Na or
gulation at the pl. i There is cvidence of genotypic variation within crop species in
Na comparimentation in shoots [19.138,139] and tolerance to high interal Na and Cl levelsy
169]. In this case. only the trait that is lacking needs to be introduced. Similarly, a given varietyy

may be very efficient in ion regulation, but lacks the y genetic mcans mprotlui:et'.«'gmhs
solutes, ‘

Development of RFLP markers for cach of these phywloglcal components of salinity;
tnlerance could play a crucial role in the incorporation of these physiological traits into l“

genotype/variety under improvement. Salinity tolerance traits are controlled by a number of,
genes located throughout the chromosome complement {140}, Each gene of a polygenic system'
" may contribute only a small amount to the trait of interest. Clear dominance is not likely to be4
ulpbned and the phenotype (i.e.. the specific trait in this case) would hnvc a large componenh
of environmental variance. All these characteristics pire to make physiological traits very‘
difficult to analyze. Thus ional Mendeli hods of analysis, which are suitable for]
traits c«mtmllcd by a single or a few genes. cannot be applicd to analysis of thesc physiological
traits. This is one reason that physiological traits have not been used extensively in the genetic:
improvement programs for mlunnv or drought tolerance, although a number of them havm‘
functional significance for d Icvcl of ol have been identified [6.141].

With the devclopment of RFLP mapping technigues (for a detailed di ion of RFLP.
techniques. see Tanksley et al. [142)), it is possible to analyze complex polygenic characters,
such as physiological traits, as bles of single Mendelian factors. Since RFLP markers’
can be used to follow simul ly the segregation of all ¢l 8! during a
crees, the basic iden is to look for correlations between physiological traits and specific:
chromosome segments marked by RFLPs. If correlations exist, the inference is that the
chromocome segment must be involved in the quantitative trait. The difficult part‘in this
procedure is to establish correlations between the trait and specific chromosome scgments, The
RFLP markers can easily be scored, but the physiological trait must be characterized in a
conventional fashion [142]. Once this most difficult process is completed and specific
chromosome segments are implicated in the trait. RFLP markers with a positive effect on a
auantitative teait can be selected from a population of plants and incorporated into a single
genotype. This ic possible because of the ability to score for several RFLP matkers
<imultancously in a single plant in a manner that is free of cnvironmental influcnee or gene
intcractions, Carbon icmupc("C) discrimination, which is an indi of water usc efficiency,
could be predicted satisfactorily from three RFLPs in tomato [143]. We have not found any
other reports implicating RFLP markers for physiological traits contributing to salinity tolerance.
‘The feasibility of using RFLP markers for physielogical traits could bridge the gap between
plant physiology and breeding. to facilitate integration of these two disciplines and thus expedite
development of varictics that are higher yiclding and more stable across environments affected
by salinity.

V1. FUTURE OUTLOOK

The past 30 years of research (after the report of dual mechanisms of ion transport by Epstein
et al. [144]) on physiclogical aspects of salinity tolerance has contributed substantially to an
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d ding of the hani by which plants cope with excess salts in their Imbuut. ln
recent limes, effurls have been initiated to identify genes responsible for specific phy g
mechanisms. Location of the K/Na selectivity character on l||c 7a chromosome of the D genome
in wheat is one such example [145-147]. Similarly, Na exclusion capability and K/Na
discrimination were enh d in T. aestivum by the incorporation of a Lophopyrum genome
[148]. The K/Na discriminating locus has been located on the JE chromosome in Laphopyrum
elonganum [140]. An association with the higher level of salinity tolerance in Agropyron junceum’
has been located in the 5) chromosome {149]. In rice, at least three groups of genes were fuound
to be involved in the inheritance of Na and Ca levels in the plant; Na and Ca levels in shoots
and roots were reported to show additive affects with a high degree of heritability {150].

Similarly. C! translocation is under genetic control {151,152}, Accumulation of organic
solutes such as betaine has been reported to be regulated by a limited number of genes [153-156].
Our research with pigeonpea has shown that the higher Jevels of salinity tolerance, and the
associated physiological mechanisms identified in the wild relative Arvlosia alhicans, could be
expressed in the reciprocal crosses of F, hybrids of this species with the cultivated species
(Figure 5) [36). Information on the genelic control af specific mechanisms is essential for proper
integration of physiological research inta breedi Recent develuy in biotech-
nology, particularly with genetic markers such at Rl-l.l's could accelerate this integration of
disciplines. Wild relatives have been inadequately explored fur their potential to contribute
unique physiological hanisms of salinity tol . We hope future efforts would be directed
toward gencrating information on these arcas.
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