Growing rice in saline soils

Biotechnological approaches for Bangladesh

Zeba I. Seraj and M. Abdus Salam

A large part of Bangladesh’s cultivable area lies in the coastal saline zone, and rice
cultivation is largely hindered by the salinity. This problem can be effectively addressed

by using both traditional and modern biotechnological methods, which involve iden-

tifying and developing salt-tolerant traits and species. This article discusses the appli-

cation of DNA-based screening of salt-tolerant traits as well as genetic modification or

transformation of rice species to enhance salt tolerance properties.
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Introduction

ver 30 per cent of the net cultiva-
O ble area of Bangladesh lies in

the coastal zone. Out of 2.85
million hectares of coastal and off-shore
land, about 1.5 million hectares are af-
fected by varying degrees of salinity. The
coastal saline soils are distributed une-
venly in 64 thanas of 13 districts, cover-
ing portions of 8 agro-ecological zones
(AEZ) of the country. The larger portions
of saline land fall in the districts of
Shatkhira, Khulna, Bagerhat, Barguna,
Patuakhali, Pirojpur and Bhola in the
west.? In recent years these have extend-
ed into the districts of Narail, Jessore
and Magura, actually making a total of
16 districts (SRDI, 1998). The smaller
portion of the saline area lies in the dis-
tricts of Chittagong, Cox’s bazar, Noa-
khali, Lakshimpur, Feni and Chandpur®
(Tablel).

Large fluctuations in salinity levels
over time are observed at almost all sites
in these regions. The common trend is
an increase in salinity with time, from
November-December to March-April,
until the onset of the monsoon rains. The
electrical conductivities (ECs) of the soil
and water were lowest in July-August
and highest in March-April at all sites
(Table 2). Soil salinity, at any time, is
maximum in the surface layers (0-15
cm), the salinity gradient being vertical-
ly downwards. Subsoil salinity is usual-
ly much lower than topsoil salinity. Mod-
erately to strongly saline underground
water is found within 1-2 metres below
the soil surface at all locations in the dry
season. The spatial and temporal varia-
tions in soil salinity indicate the need for
crop production planning separately for
different locations in the coastal areas.
No generalization can be made in this
regard.®



Table 1: Extent and distribution of coastal saline soils in Bangladesh

District Area under saline District Area under saline
soils (‘000 ha) soils (‘000 ha)
Satkhira 146.35 Bhola 40.33
Khulna 120.04 Chittagong 45.70
Bagerhat 107.98 Cox’s Bazaar 54.70
Barguna 103.55 Noakhali 49.60
Patuakhali 115.10 Lakshimpur 19.30
Pirojpure 20.30 Feni 9.00
Chandpur 1.50
Total 833.45

Source: Panaullah, 1993

Table 2: Soil salinity ranges (Ece dS/m) at some sites of six coastal districts at different times of the year

Thana Jul-Aug Dec-Jan Mar-Apr
Khulna
Paikgacha 3.5-6.2 5.0-15.2 6.1-23.3
Dumuria 1.8-4.1 4.6-10.2 6.5-14.2
Batiaghata 0.8-1.2 2.5-3.6 5.8-8.5
Dakope 2.3-6.4 6.7-17.0 8.7-23.0
Bagerhat
Rampal 1.2-35 4.7-9.0 7.0-11.5
Morelganj 0.4-2.2 21-6.7 4.0-9.6
Bhola
Daulatpur 1.3-2.2
Tazumuddin 1.4-44 2.5-5.7
Lalmohan 2.0-4.7 3.1-7.3
Noakhali
Hatiya
Noakhali 1.0-4.2 4.3-7.4
Lakshimpur 2.0-4.7 2.1-10.1
Ramgati
Feni 3.3-71
Sonagazi 0.9-3.3 1.9-5.0

Source: Panaullah, 1993

The compositions of the soluble
salts in saline soils can indicate possi-
ble management strategies for crop
production. Sodium has been found to
be the dominant cation, and chloride the
dominant anionic species. Next in im-
portance are magnesium and sulphate.
Thus the salts are of the sodium-mag-
nesium, chloride-sulphate type.

A very important aspect of the sol-
uble salt composition of the underground
waters is the large excess of magnesi-
um relative to calcium. Thus proper
measures to maintain ionic balance may
be needed for good plant growth even
under low salinity conditions®. There is a
general lack of suitable salt-tolerant
modern variety (MV) rice suited to dif-

ferent AEZ in the coastal area. Since
farmers mostly grow local varieties,
there is great scope for increasing land
productivity through the introduction and
development of MV rice.

In some regions of Khulna district,
salinity is a problem even in the wet T.
Aman season. According to an expert,
Mr G. M. Panaullah, the development of
MV rice for this region could make a
major impact on rice productivity.

Help from biotechnology
Biotechnology can address the coastal
salinity problem for possible rice culti-
vation in two major ways:

e Traditional breeding efforts at produc-
ing salt tolerant rice can be aided in

terms of speed, specificity and better
management by using molecular
markers that indicate the presence of
the salt tolerant trait without the ne-
cessity of laborious screening proce-
dures. This technique is referred to as
Marker-Aided Selection or MAS.

® Rice can be transformed or modified
with foreign genes, which can confer
salt tolerance properties in the mod-
ified plant.
Before explaining these biotechnologi-
cal techniques, there is a need to under-
stand how halophytes (naturally occur-
ring salt-tolerant species) or other mod-
erately salt-tolerant crops cope with ex-
cess salt concentrations.




Breeding salt-tolerant rice

It is difficult to breed salt-tolerant rice
varieties. The salt tolerance capacity is
not a single characteristic but a com-
posite of many. Incorporation of a sin-
gle character may be possible; that,
however, may not be enough to confer
salt tolerance.

Properties required

Crops require potassium to grow prop-
erly. However, while absorbing potas-
sium, there might be an uptake of sodi-
um because the structure of potassium
and sodium are similar and transporta-
tion of the two ions is facilitated by the
same transporter across the cell mem-
brane. This problem is obviously acute
in saline soils. In the presence of sodi-
um, most enzymes responsible for nor-
mal cellular activities cease to function
properly. In some salt-tolerant crops, this
transporter has a much greater affinity
for potassium and therefore, even in the
presence of high external sodium, there
is minimal uptake of the latter.

Some salt-tolerant crops are ca-
pable of sequestering excess sodium
ions into vacuoles inside cells through
special transporters. Since most of the
sodium is present in vacuoles, it can-
not cause harm to the enzymatic activ-
ities going on inside the cells. These
transporters may also be present on the
outer cell membrane and may there-
fore extrude sodium out of the cell. This
sodium/hydrogen ion transporter, as it
is called, has been characterized in the
arabidopsis plant. This is a small plant
with a very short life cycle and serves as
a model for studying many plant func-
tions.

Excess external sodium causes
cellular water to be pulled out of cells,
causing dehydration. Under conditions
of excess external sodium, some cells
can synthesize osmotically active small
compounds, which are capable of re-
taining the water inside cells. Examples
of such solutes are mannitol, pinitol, gly-
cine betaine, trehalose, etc. For exam-
ple, mangrove plants in the Sunderbans
area synthesize glycine betaine.

Some halophytic plants like the wild
rice called Porteresia coarctata, endem-
ic to the eastern coasts of India and the
coastal region of Bangladesh, have
been shown to possess salt glands, and
actually extrude salt outside their leaves
under high external salt concentrations,

e.g. in sea water. Presumably, the glands
contain a kind of transporter or sodium
pump in the cell wall. This pump has not
yet been characterized at the molecular
level.

Progress in biotechnological
approaches

Marker-aided selection (MAS)
There are only two well-known and prov-
en moderately salt-tolerant traditional
rice cultivars, Pokkali and Nona Bokra,
that can be used as potential donors for
salt tolerance in a breeding programme
to incorporate salt tolerance in commer-
cial high yielding rice cultivars. Both are
very tall varieties with low yields and are
sensitive to day-length and therefore
flower only once a year after a long mat-
uration period. As a matter of fact, the
International Rice Research Institute
(IRRI) has released more than a hun-
dred, salt-tolerant, high-yielding varie-
ties (HYV) by breeding them with these
salt tolerance donors. The released va-
rieties have been made available to the
various national agricultural systems in
many South and South East Asian coun-
tries. In turn, these countries have used
these varieties in their own breeding
programmes to develop salt-tolerant
varieties suited to their own particular
geographical niche. For example, BR
5331 was released in Bangladesh re-
cently after being crossed with IRRI-de-
rived rice lines originating from Pokkali.
Such breeding efforts, however,
take a long time, anywhere between 4
and 7 years, because of extensive phe-
notypic selections required at each
breeding step. One way to reduce the
time required is to use DNA markers,
which are linked to the salinity toler-
ance trait. The DNA markers can be
used to track genes conferring salt tol-
erance and to combine multiple genes
effectively; since salinity tolerance is a
trait controlled by multiple genes. Not
only is MAS more accurate, fast and
efficient, but also it can be used to
screen the breeding population at an
early seedling stage and under vari-
ous environmental conditions.

Researching DNA markers
Much progress has been made at IRRI*

to locate the genes controlling the salt
tolerance trait of the traditional salt-toler-
ant donor Pokkali. This is an arduous task
involving generating a mapping popula-
tion from a cross between Pokkali and
a salt-sensitive yet high-yielding rice.
After the initial cross and production of
F,, these are allowed to self-propagate,
producing an F, population, which
should have a permutation and combi-
nation of various characteristics from
both parents. Each plant from F, is al-
lowed to self-propagate up to 7-8 gen-
erations, with seed collections from
each plant being kept separate. This
process is called single-seed descent.
Differences in DNA patterns in the orig-
inal parents are then correlated with salt
tolerance or salt sensitivity of individu-
als of the F, population which are called
recombinant inbred lines. Once these
markers are found, however, these can
be used in any breeding programme in
which Pokkali has been used as a donor.

Application of identified markers

As mentioned, BR5331 is an advanced
salt-tolerant rice variety released by
Bangladesh Rice Research Institute
(BRRI) whose salt tolerance donor was
Pokkali. BR5331 is a T. Aman or mon-
soon season variety, which means it is
sensitive to day length, flowers only dur-
ing October and has a relatively long
maturation time. It would be of benefit if
BR5331 could be further adapted to
make it insensitive to day-length, which
could automatically reduce its matura-
tion time. This would have important im-
plications for improved crop yield be-
cause salinity levels start gradually in-
creasing from late September. A shorter
duration rice variety could be harvested
earlier and hence would be able to avoid
the deleterious effects of salt toxicity on
the yield, says G. M. Panaullah.

Since DNA markers linked to the
salinity tolerance trait of Pokkali have
been identified, and salt tolerant
BR5331 has been derived from Pokka-
li, the same markers are being used in
breeding programmes to further improve
BR5331. One condition has to be ful-
filled, however. The identified linked
markers have to be quite close to the
salinity tolerance locus. Otherwise they
may segregate or separate from salt-
tolerant gene neighbours during the var-
ious breeding processes they have un-
dergone. To ensure that the marker is



closely linked, one simply has to
confirm that the marker showing the dif-
ference between salt-tolerant Pokkali
and a salt-sensitive variety also shows
the same difference in a gel between
BR5331 and its salt-sensitive breeding
partner. At the moment, IRRI is involved
in identifying very tightly linked salinity
tolerance markers to the salt tolerant
gene locus of Pokkali, according to Glen
B Gregorio.

Genetic modification

or transformation

Traditional or pre-biotechnological era
efforts at producing improved crops for,
say, disease resistance, were based on
crossing the commercial crop with a
closely related wild cultivar having the
desired resistance. The crossing step
would then be followed by back-cross-
ing and selection steps to eliminate the
undesirable characteristics of the wild
cultivar. All this could take from five to
seven years. With the advent of biotech-
nological advances such as genetic en-
gineering, useful genes from diverse
sources such as bacteria or totally unre-
lated plant species can be isolated and
the specific gene inserted into the crop
being improved by transformation.

Genetically modified plants are
very much a reality in many developed
and developing countries. Already
about 70 different cultivated plants have
been genetically modified and tested in
over 3,600 field tests on more than
15,000 individual agricultural tracts with-
out any negative occurrences. These
crops include rice, maize, wheat, oats
and barley among cereals; soybean,
sunflower pea and bean among food
legumes and oilseeds; cotton, sugarbeet,
tobacco, cocoa and coffee among indus-
trial crops; tomato, papaya, many citrus
fruits, and other fruits among horticultur-
al crops; and poplar and aspen among
trees. The modifications include introduc-
tion of genes for virus, fungus and pest
resistance, herbicide tolerance, and im-
proved product quality.

Genetic modification of plants in-
volves simple techniques. A natural ge-
netic engineer called Agrobacterium tu-
mefaciens exists in nature. This bacte-
ria is capable of transferring a portion of
its genes contained within specific re-
gions of its DNA into plants which it in-

fects. Molecular biologists have con-
structed several strains of bacteria in
which a scientist can insert desirable
genes within the specific regions. When
such strains are used to infect plant tis-
sues, the desirable genes are inserted
and subsequently integrated into the
plant genome. The bacteria are used to
infect plant tissues. Thereafter, using tis-
sue culture techniques, the plant tissues
are regenerated to give back the whole
plant, which is now modified with the
desirable genes that the scientist had
inserted.

Monocots like rice are not natural
hosts of Agrobacterium tumefaciens. Ef-
ficiencies of rice transformation using
other methods like DNA transfer in rice
cells using electrical charge or micro-
projectile DNA bombardment of rice
cells has been low (Figurel).

Figure 1: Stages in production of
a transformed rice plant using the
microprojectile mode of plant
transformation. Rice embryos are
removed from seeds and induced
to give undifferentiated cells called
callus. These are bombarded with
microscopic beads coated with for-
eign DNA, in this case with a gene
producing an enzyme which gives
a blue colour after incubation with
chromogenic substrate. The blue
indicates that transformation has
taken place. Transformed cells are
selected in special media where
only they can grow. These cells
then are manipulated to regener-
ate rice plants, which look the
same as non-transgenic rice.

Recently some scientists estab-
lished protocols for agrobacterium-me-
diated rice transformation by using very
high concentrations of the bacteria and
using external chemical inducers, which
rice does not naturally produce. Efforts
are underway to establish protocols for
the successful transformation of Bang-
ladeshi rice varieties. For establishment
of such transformation protocols, mark-
er genes are first used. The successful
incorporation of marker genes can be
monitored by simple assays, which give
a blue colour. Transformed cells also
have to be separated from non-trans-
formed cells. This is done through trans-
formation by a gene, which confers on




the cells the ability to grow on cer-
tain selection agents like antibiotics.
Once the marker gene insertion proto-
col is established, useful genes can be
inserted into the plants using the same
protocols. For establishment of protocols
for transformation, such rice varieties are
first used that are easy to manipulate in
tissue culture, such as the traditional rice
cultivar binnatoa.*

Transfer of genes
The most common strategy that has
been so far used is to transfer the genes
of enzymes producing osmoprotective
compounds into an easily manipulated
plant like tobacco and to see the effect
of the transformed gene. Scientists have
manipulated tobacco plants to produce
mannitol, glycine betaine, proline and
trehalose.? In all cases, the transgenic
tobacco plants were more tolerant to
salinity and drought stress compared to
controls. Most of these plants produced
osmo-protective compounds all the time
and not as a stimulus to stress condi-
tions. Production of these compounds,
even when not required, caused some
problems such as stunting of plants.
Such problems can be avoided by add-
ing on controls or promoters (which
drive expression of genes so that even-
tually the required enzyme/protein is
produced) in front of the genes in ques-
tion, which can respond to stress. Such
promoters have already been identified.
As yet, however, there are no pub-
lished reports of transgenic cereal crops
that can produce osmo-protective com-
pounds. There have been reports from
Myongiji University in Korea of develop-
ing salt-tolerant rice after insertion of tre-

halose-producing genes, and efforts are
underway in Bangladesh to insert man-
nitol-producing genes into rice with the
gene provided by IRRI.

Osmoprotective compounds (except
for proline) are not produced in rice after
salt stress. Therefore, if the existing mod-
erately salt-tolerant IRRI and BRRI varie-
ties are transformed with osmolyte-pro-
ducing genes, their salt tolerance is ex-
pected to be enhanced. Most of these HYV
have been derived from Pokkali or Nona
Bokra. Their mechanism of salt tolerance
is, most likely, salt exclusion. Some salt-
tolerant HYV rice varieties from IRRI and
BRRI have therefore been tested for their
efficiency of transformation by using mark-
er gene assays, and some varieties cho-
sen for further transformation studies with
mannitol-producing genes.

In another approach, the arabidop-
sis plant was transformed with an over-
expressing sodium/hydrogen ion trans-
porter and the plants were more salt-
tolerant than their controls. It will be re-
called that these transporters can se-
quester excess sodium in vacuoles and
also extrude sodium out of the cell.

Conclusion

Abiotic stresses such as salinity and
drought are serious threats to sustaina-
ble food production. In rice, abiotic
stresses affect cultivation more than bi-
otic stresses caused by fungal or bacte-
rial pathogens or insect pests. Itis a chal-
lenge for plant biotechnologists to gen-
erate crops which can withstand, repro-
duce and set seeds in at least milder
levels of abiotic stress, if not in extremes.
There have been many reports stating

that an increased level of salinity stress
has been achieved. The concern now is
to consolidate these advancements
through collaborative research in differ-
ent crops, including rice.

There is also need for a continued
effort at achieving a complete under-
standing of all the reactions/processes/
events that occur during salt stress. The
primary and secondary effects of salt
stress have also to be distinguished.
This is important because not all the
metabolic changes accompanying salt
stress would have an adaptive value.
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