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      Enhancing Nutrient Starvation 
Tolerance in Rice                     

     K.  K.     Vinod    

    Abstract  

  Nutrient starvation occurs in plants either by the insuffi ciency of nutrients in 
the soil or by their unavailability in plant absorbable form. Nutrient malnu-
trition is an age-old problem, aggravated by the human demand for more 
food which had led to the development of nutrient-hungry crop  varieties. 
Ironically, what once lauded as a boon to mankind, the intensive agriculture, 
is turning to be a multifaceted bane in the form of depletion of natural 
reserves of inorganic fertilisers, price rise of farm inputs, environmental 
degradation due to nutrient residues and socio-economic and  political divide 
among farming communities and nations. With the low availability of nutri-
ents, plants are subjected to tremendous stress that jeopardises their normal 
physiology and survival itself. Rice, the major staple crop on earth is set to 
suffer any or all of the above problems in the near future. Immediate reduc-
tion of fertiliser input is the only viable solution to this problem, but it is 
going to trigger low production from farmlands. Therefore, nutrient input 
reduction should be done in conjunction with the development of low nutri-
ent happy rice varieties. There is enough variability for nutrient response 
within the rice gene pool including low nutrient tolerance, which is to be 
tapped for the development of new varieties. In addition, low nutrient toler-
ant varieties can help in producing the best out of marginal lands that are 
rendered unsuitable for high-yielding varieties due to low nutrient status. 
This chapter overviews the developments in breeding towards nutrient defi -
ciency tolerant rice varieties as a sustainable solution for future agriculture.  
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6.1         Introduction 

 Feeding more than half of the world population, 
rice cultivation requires signifi cant quantum 
input of mineral nutrients than any other agricul-
tural crop. Rice occupies nearly one third of the 
total cereal cultivated area of the world (Guerra 
et al.  1998 ), largely confi ned to tropics where soil 
nutrient status dwindles and plant nutrient avail-
ability is dependent on vagaries of climate and 
water availability (Takijima and Gunawardena 
 1969 ). Although there are different systems of 
rice cultivation, globally, irrigated lowland (wet-
land) system accounts for 55 % of the rice area 
producing 75 % of the rice production. Together 
with upland rice, wetland rice accounts for 80 % 
of the global area harvesting 90 % of the global 
production (Dobermann et al.  2004 ). When com-
pared to other major grain crops, cropping inten-
sity under irrigated rice is very high owing to 
relatively shorter duration of modern varieties, 
producing 10–15 t ha −1  year −1  of grains 
(Dobermann and Fairhurst  2000 ). High-intensity 
cultivation depletes soil nutrient reserves far 
quicker, requiring continuous repletion in large 
quantities through addition of fertilisers. 
However, continuous fertilisation poses a loom-
ing threat of extinction of natural fertiliser 
reserves, which may imperil future agriculture. 
Ensuing threat of climate change adds to this 
uncertainty, especially in the demographically 
dense tropical crop production zones, where rice 
cultivation is a century-old tradition. Further, the 
swelling world population asserts tremendous 
pressure of higher grain demand, requiring rice 
production to go up. Consequent increase in fer-
tiliser demand is making them expensive by every 
day exacerbating the unaffordability to poor and 
marginal rice farmers who practise subsistence 
farming. 

 Over a century now, tremendous advances in 
the science of genetics, has driven crop improve-
ment worldwide through giant leaps, taking the 
food production to new levels of self-suffi ciency. 
In rice, the introduction of semidwarf varieties in 
the 1960s has expanded crop production to stag-

gering new levels, as these varieties realised 
excellent yield under best crop management 
practices including suffi cient fertilisation. 
Concerted breeding efforts to push yield levels to 
newer heights have resulted in selection of rice 
varieties that responded to high levels of fertilisa-
tion. However, the cultivation of high-yielding 
varieties has removed signifi cant quantum of soil 
nutrients through harvested grains and biomass 
enforcing continuous fertilisation to sustain the 
rice farming. This has generated overdependence 
on fertilisers resulting in their indiscriminate use. 
Serious soil limitations for major and few sec-
ondary nutrients have been reported in rice culti-
vation that drives the crop into serious stress of 
nutrient starvation. Nutrient starvation is becom-
ing a contemporary problem that requires imme-
diate attention of breeders and agronomists for 
sustaining the rice production in the future. This 
chapter deals with those nutrients for which con-
siderable genetic research is ongoing to address 
nutrient starvation stress in rice.  

6.2     Sustenance of Rice Mineral 
Nutrition 

 Rice requires sixteen elemental nutrients catego-
rised into primary nutrients, secondary nutrients 
and micronutrients. Except for the three major 
non-mineral nutrients, carbon (C), hydrogen (H) 
and oxygen (O) that are naturally supplied by 
water and air, all other mineral nutrients are sup-
plied through soil. Among the mineral nutrients, 
nitrogen (N), phosphorus (P) and potassium (K) 
are required in large quantities (major nutrients) 
and are soil added as fertilisers. Of the remaining, 
calcium (Ca), magnesium (Mg) and sulphur (S) 
that are required in smaller quantities (secondary 
nutrients) are supplied as supplementary fertilis-
ers. The micronutrients, boron (B), copper (Cu), 
chlorine (Cl), iron (Fe), manganese (Mn), molyb-
denum (Mo) and zinc(Zn) that are required in 
very little quantities are generally available in 
soil in suffi cient quantities. The micronutrients 
require only contextual application in case of any 
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defi ciency (De Datta  1981 ). Although quantity 
requirement varies, all the nutrients are essen-
tially required for the rice plant to carry out 
 various metabolic functions to complete its life 
cycle (Fageria  2013 ; Dobermann and Fairhurst 
 2000 ; Yoshida  1981 ; De Datta  1981 ). The limita-
tion of any or more of these nutrients causes defi -
ciency symptoms, which are the manifestation of 
various metabolic impairments. Furthermore, 
mineral defi ciency can predispose plants vulner-
able to attack by various biotic and abiotic agents, 
leading to mortality, morbidity and total yield 
loss (Dordas  2008 ). 

 Nutrient cycling in food grain crops including 
rice is a partial non-cyclic affair, because every 
crop harvest removes a signifi cant quantum of 
nutrients without returning them back to the soil. 
A major portion of the loss is through grains 
entering into food chain and channelised else-
where, especially into the sewers through human 
and animal waste and irrecoverably lost (Cordell 
et al.  2009 ). Together with the benefi ts of 
increased food production and poverty allevia-
tion, the green revolution had counteracting 
effects of increased nutrient input demand, soil 
nutrient drainage and loss of nutrients through 
large volume of grains harvested. In India, rice 
tops the list of crops with 31.8 % share of fertil-
iser consumption of which 22.2 % is consumed 
by irrigated lowland rice. Estimates show that 
irrigated rice is applied with 2.48 Mt of N, 0.79 
Mt of P 2 O 5  and 0.45 Mt of K 2 O annually, while 
the corresponding share of upland rice is 1.17, 
0.30 and 0.13 Mt, respectively (FAO  2005 ). 

 Rice crop removes signifi cant quantities of N 
and K from soil followed by P, Ca, Mg and S 
(Table  6.1 ). Net nutrient removal through har-
vested grains is 60 % for N, 67 % for P and 15 % 
for K, and the balance is retained in the straw 
(Dobermann and Fairhurst  2000 ). Compared to 
earlier period, when a signifi cant quantity of rice 
straw was recycled back into the soil through 
cattle feeding and soil incorporation of either 
straw or cattle waste or both, nutrient recycling in 
modern systems is dropping due to alternate 
straw disposal methods such as open fi eld burning 

(Jain et al.  2014 ; Kumar and Joshi  2013 ); usage 
in biofuel generation such as aerobic digestion, 
pyrolysis and gasifi cation (Silalertruksa and 
Gheewala  2013 ); and usage in paper board indus-
tries (El-Kassasa and Mourad  2013 ).

   To bring nutritional sustenance to rice crop 
production, there are several methods particu-
larly related to agro-management and genetic 
interventions. The most common practice of 
nutrient repletion through fertilisation, however, 
is not going to be an enduring solution as the fer-
tiliser resources are fast waning from the face of 
earth at the current consumption levels (Magdoff 
 2013 ). In order to prolong the soil nutrient avail-
ability, nutrient drainage needs to be curtailed 
while making the bio-unavailable nutrients into 
plant available form through solubilisation. One 
of the methods to contain nutrient loss through 
harvested rice straw is to develop strategies that 
aid in hay recycling such as composting (Saha 
et al.  2012 ). To minimise the grain-related loss 
through food chains, recently, efforts are on to 
recycle solids from sewers to produce struvite, 
which can be substituted as N and P fertiliser, 
thereby bringing the lost nutrients back to the 
crop nutrient cycle (Morales et al.  2013 ; Liu et al. 
 2011 ). However there is a respite in the most 
intensively cultivated parts of Asia where almost 
all of the organic wastes including animal wastes 
produced in confi nement and all crop residues 
not used for fuel or in manufacturing were recy-
cled (Smil  2000 ). Notwithstanding, management 
strategies do not reduce nutrient input demand. 

 Genetic improvement of rice is a particularly 
tenable strategy to address the reduction of nutri-
ent input demand because it is possible to bring 
in genotype improvement in nutrient use traits 
such as growth under reduced fertilisation. This 
is possible by improving nutrient foraging behav-
iour, faster uptake, nutrient-solubilising ability, 
microbial symbiosis, terminal mobilisation of 
nutrients and yield conversion effi ciency. Further, 
developing varieties that export less nutrients to 
grains into anti-nutritional forms such as phytate 
can aid in preventing nutrient loss through unso-
licited means (Lott et al.  2000 ; Rose et al.  2013b ).  
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6.3     Nutrient Defi ciency 
in Rice Soils  

 Soil nutrient defi ciency is becoming a compel-
ling problem in rice-growing areas that requires 
serious intervention in the days to come. In India, 
recent soil nutrient defi ciency status indicates 
that 62 % of the soils are low in N, followed by 
42 % low in P and 13 % low in K. Among the 
secondary nutrients, S defi ciency occurs in 40 % 
of the soils, and among micronutrients, Zn defi -
ciency is common in 49 % of soils, followed by 
12 % low Fe soils, 5 % low Mn soils and 3 % low 
Cu soils (FAO  2005 ). 

 Predominant soil N forms such as nitrate and 
ammonium are either applied or native and are 
highly water soluble rendering N highly mobile in 
rice ecosystem (Haynes and Goh  1978 ) expediting 
quick lose through leaching. Additionally, the deni-
trifi cation processes in soil can release N in volatile 
form, either as oxides of N or as atmospheric 
N. Further, escape of N as gaseous ammonia (NH 3 ) 
can also favour N loss from soil (Galloway et al. 
 2003 ). Without regular N repletion through fertili-
sation, N defi ciency is a constant problem in rice 
soils worldwide. Soils that are prone to N defi -
ciency are those with very low soil organic matter 
content (<0.5 %) such as coarse-textured acid soils, 

as well as low organic carbon containing alkaline 
and calcareous soils. Soils that are constrained with 
natural N supply such as acid sulphate soils, saline 
soils, P-defi cient soils and poorly drained wetland 
soils where the amount of N mineralisation or bio-
logical N 2   fi xation is meagre also suffer from N 
defi ciency. Alkaline soils have potential risk of 
high NH 3  volatilisation. 

 P is available to plants in the form of ortho-
phosphate (Pi) such as H 2 PO 4  −  and HPO 4  2−  
(Raghothama  1999 ), which is assimilated into 
plant system as Pi monoesters and compounds 
containing phosphoanhydride bonds such as 
 adenosine di- and triphosphates. However, Pi 
does not remain in soil, as it gets quickly fi xed 
into insoluble form in the presence of polyvalent 
cations such as Al 3+ , Fe 3+  and Ca 2+ . P defi ciency is 
a widespread problem in all major rice ecosys-
tems (Fageria  2013 ), especially in lowland soils 
that possess high native P-fi xing capacity such as 
acid soils. In soils with low P supplying capacity, 
P defi ciency occurs as long as Pi supplementation 
is insuffi cient. Notwithstanding, high erosion 
loss can also incite P defi ciency in soils such as 
upland soils. P defi ciency occurs in coarse- 
textured soils containing small amounts of 
organic matter and minimal P reserves such as 
sandy soils; highly weathered, clayey, acid 
upland soils with high P-fi xation capacity such as 

   Table 6.1    Nutrient requirement and removal in rice   

 Nutrient 
 Major plant 
available form 

 Nutrient removal 
(Kg.ha −1 ) 

 Critical defi ciency levels 
(mg.kg −1 ) 

 Method of extraction a   Plant  Soil 

 Nitrogen (N)  NH 4  + , NO 3  −   123.00  <25,000.0  <186.0  Alkaline KMnO 4  

 Phosphorus (P)  H 2 PO 4  − , HPO 4  −   21.40  <1000.0  <6.7  Olsen P 

 Potassium (K)  K +   120.00  <10,000.0  <72.0  NH 4 OAc 

 Calcium (Ca)  Ca 2+   32.00  <1500.0  <200.0  NH 4 OAc 

 Magnesium (Mg)  Mg 2+   27.00  <1000.0  <120.0  NH 4 OAc 

 Sulphur (S)  SO 4  2−   12.80  <1000.0  <10.0  Hot water 

 Iron (Fe)  Fe 3+ , Fe 2+   1.70  2.5  DTPA+CaCl 2  

 Manganese (Mn)  Mn 2+   4.40  <20.0  1.0  DTPA+CaCl 2  

 Zinc (Zn)  Zn 2+   0.29  <15.0  0.5  DTPA+CaCl 2  

 Copper (Cu)  Cu 2+   0.06  <6.0  0.2  DTPA+CaCl 2  

 Boron (B)  BO 3  3−   0.09  <20.0  0.1  Hot water 

   a  DTPA  diethylene triamine pentaacetic acid,  NH   4   OAc  ammonium acetate,  CaCl   2   calcium chloride,  KMnO   4   potassium 
permanganate  
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ultisols and oxisols; degraded lowland soils; 
 calcareous, saline, sodic soils; volcanic soils with 
high P-sorption capacity; peat soils (histosols); 
and acid sulphate soils in which large amounts of 
active Al and Fe result in the formation of 
 insoluble P compounds at low pH. P defi ciency is 
also found associated with Fe toxicity at low pH, 
Zn defi ciency, Fe defi ciency and salinity in 
 alkaline soils (Dobermann and Fairhurst  2000 ). 
Furthermore, P immobilisation occurs due to 
excessive liming and excessive N fertilisation 
with insuffi cient P application. 

 K is a rare limiting factor in major rice- 
growing soils (Dobermann et al.  1996 ; Reichardt 
et al.  1998 ); however, K defi ciency occurs either 
due to native limitation of K availability or due to 
inhibition of K due to fi xation. Recent reports, 
however indicate that K defi ciency is on the 
increase throughout rice-growing regions of the 
world (Jia et al.  2008 ; Hasan  2002 ; Naidu et al. 
 2011 ; Datta  2011 ). K defi ciency typically occurs 
in coarse-textured soils such as sandy soils, 
highly weathered soils such as acid upland soils 
and degraded lowland clay soils and well-drained 
organic soils due to poor K reserves. These soils 
remain K defi cient if not supplemented through 
fertilisation. In contrast, in clayey soils with large 
K content, presence of signifi cant amount of 2:1 
layer clay minerals causes K fi xation, making 
them practically K inhibited. Similarly soils with 
very wide (Ca+Mg)/K ratio release little K to soil 
solution due to stronger K adsorption to cation 
exchange sites. K defi ciency also occurs in highly 
leached acid sulphate soils and poorly drained 
and strongly reducing soils in the presence of 
Fe 2+  ions, organic acids and hydrogen sulphide. 

 Defi ciency of secondary and micronutrients is 
not a widespread problem in rice soils around the 
world. However, there are regions which suffer 
from acute defi ciency of one more of these min-
eral nutrients that needs serious attention. S defi -
ciency is reported as a problem in South Asian 
countries, especially in Indonesia (Ismunadji 
et al.  1991 ) which in general is addressed through 
addition of S-containing fertilisers. A shift to 
non-S fertilisers may aggravate the defi ciency 

problem in such areas. S defi ciency is not particu-
larly a common problem in irrigated lowland 
soils; however it can occur in coarse soils that are 
well drained such as sandy soils, soils that are 
rich in aluminium silicate clay, soils with low 
organic matter and in highly weathered soils rich 
in Fe oxides (Dobermann and Fairhurst  2000 ). 

 Recent reports suggest that Zn defi ciency, the 
major micronutrient defi ciency in rice, is ranked 
after N and P defi ciency in lowland rice 
soils (Wissuwa et al.  2006 ) that calls for immedi-
ate attention in terms of defi ciency alleviation by 
addition of Zn fertilisers (Abilay and De Datta 
 1978 ) and/or by improving genotypic effi ciency 
to acquire more Zn when soil availability is lim-
ited (Rose et al.  2013a ). Further, micronutrient 
malnutrition due to Zn defi ciency together with 
vitamin A defi ciency is receiving serious atten-
tion internationally, due to serious health risks it 
incites such as mental retardation, poor immunity 
and overall poor health (Cakmak  2009 ). Zn defi -
ciency occurs in high-intensity cropped areas and 
in poorly drained soils. In Indian soils, 49 % of 
250,000 soil samples collected from 20 states 
were tested Zn defi cient having DTPA-extractable 
Zn content of less than 0.6 mg kg −1  (Singh  2009 ) 
indicating the enormity of Zn defi ciency prob-
lem. Among the crops and soils, lowland rice is 
said to suffer more from Zn defi ciency (Rattan 
et al.  2009 ). Zn defi ciency occurs along with S 
defi ciency, especially in neutral and calcareous 
soils rich in bicarbonate, which can affect rice 
crop in all phenological stages. Other type of 
soils that can have Zn defi ciency are saline and 
sodic soils, peat soils, sandy soils and highly 
weathered and leached acid soils. Zn defi ciency 
occurs either due to Zn precipitation as sparingly 
soluble zinc hydroxide or zinc sulphide or due to 
the formation of various complexes in soil either 
in combination with inorganic and organic ions. 

 Defi ciencies of other micronutrients such as 
Ca, Mg, Mn and Cu can occur in highly drained 
coarse sandy soils and highly leached weathered 
acid soils either on lowlands or uplands. 
Defi ciencies of these elements occur due to lim-
ited soil availability caused by excessive drainage 
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either by physical means such as leaching or 
through crop removal due to intense cultivation. 
Ca uptake from soil is affected under excessive 
fertilisation, due to proportional imbalance of Ca 
with other nutrient elements causing Ca defi -
ciency. Mg defi ciency occurs due to 
the  suppressed Mg absorption caused by 
decreased Mg uptake due to a wide exchangeable 
K-Mg ratio. Mn defi ciency occurs either due to 
interference of mineral ions such as Fe, Ca, Mg, 
Zn and ammonium in soil solution or by the for-
mation of complexes by organic matter or 
adsorbed and occluded by Fe and Al hydroxides 
and oxides. Cu defi ciency can occur in soil by 
adsorption or by competition with Zn, while 
excessive NPK fertilisation can exhaust Cu from 
soil through removal by rapid vegetation growth.  

6.4     Need for Nutrient Defi ciency 
Tolerance 

 In modern-day agriculture, due to continuous 
crop removal, soil nutrient defi ciency has 
become coexistent with crop production sys-
tems and amelioration of soil nutrient status 
though amendment of fertilisers has become a 
standard practice. Compelling demand for more 
food for the growing world population is exerting 
tremendous pressure on fertiliser use and cultiva-
tion of modern-day fertiliser-responsive high- 
yielding cultivars. Since the fertiliser production 
is dependent on the fi nite resources on earth, pro-
duction and availability of fertilisers are starting 
to decline gradually. Its after-effects are now 
appearing, fertiliser scarcity is on the rise along 
with escalation in fertiliser costs, which is par-
ticularly making fertilisers unaffordable to poor 
and marginal rice farmers, thereby bringing more 
areas under nutrient defi ciency map rapidly. 
Under high-intensity production systems, how-
ever, indiscriminate fertiliser use is causing envi-
ronmental hazards (Vinod and Heuer  2012 ). 
Arising out of the aforementioned issues, there 
are three major reasons that compel reduction of 
fertiliser input into agricultural systems. These 
are (a) low nutrient use effi ciency, (b) environ-

mental degradation due to residual nutrients and 
(c) depletion of natural fertiliser reserves. 

6.4.1     Low Genotypic Nutrient Use 
Effi ciency 

 Nutrient use effi ciency is a generic term that 
 integrates different mechanisms of nutrient 
homeostasis in plants. Although defi nitions differ 
contextually, nutrient use effi ciency, defi ned as 
the ratio between realised yields to applied fertil-
iser, represents only genotype response under 
added nutrition. In broader sense, use effi ciency 
can be divided into uptake and utilisation effi -
ciencies, although the mechanisms may differ 
between nutrients. Earlier breeding efforts for 
nutrient use effi ciency were focussed on the gen-
otypes that yielded well under high fertilisation, 
thus accumulating genes that helped to realise 
high biomass and grain yield. Since these geno-
types were not subjected to nutrient-defi cient 
 situations, the selection was working against the 
mechanisms that enabled them to toler-
ate nutrient- defi cient conditions. It should be 
noted here that since the selection was done 
under surplus fertilisation, uptake effi ciencies of 
the genotypes hardly mattered in the selected 
genotypes, because irrespective of their uptake 
effi ciency, there were always enough nutrients to 
meet the internal demands to support growth and 
yield. Remarkable breeding success has already 
been achieved in selection of varieties with high 
internal effi ciency under high-input systems 
(Vinod and Heuer  2012 ). Therefore, modern vari-
eties are low nutrient use effi cient and need 
 surplus nutrients to yield better. The net result of 
low nutrient use effi ciency of genotypes under 
excessive fertilisation is accumulation of nutrient 
elements in soil resulting in imbalances with 
other elements that are not artifi cially supplied. 
This causes induced defi ciency of other elements 
requiring further amendment of chemicals to soil. 
To increase nutrient use effi ciency from the cur-
rent level, we need to reduce the fertiliser input 
without compromising the quantum of nutrients 
taken up by the plants. This can be achieved by 
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improving of uptake effi ciency without compro-
mising the internal effi ciency to produce the 
potential yield. 

 To sustain the agricultural production in the 
future, the effi ciency of rice varieties to harvest 
more nutrients from soil needs to be improved 
from the current level (Singh et al.  2000 ). This 
should however be achieved with lesser external 
nutrient input. In fact, soil is rich in almost all of 
the nutrients majority of which are not plant 
available or are at depths well beyond the crop 
root zones. However, there are innate mecha-
nisms in rice crop to utilise unavailable nutrient 
fractions by solubilising them into available 
forms, such as production of nutrient-solubilising 
root exudates and encouraging the colonisation 
of nutrient-solubilising microfl ora through a 
symbiotic relationship (Hayat et al.  2010 ; Khan 
 2006 ). These traits are genetically controlled and 
hence can be targeted in crop improvement pro-
grammes. The development of nutrient-effi cient 
rice varieties under marginal suffi ciency will help 
in realising the yield gain even at the regulated 
low-level fertiliser input. Therefore, under 
reduced fertiliser input, the nutrient requirement 
for rice is to be considered vis-à-vis soil net nutri-
ent supply, nutrient use effi ciency and nutrient 
defi ciency tolerance.  

6.4.2     Environmental Contamination 
Due to Surplus Nutrients 

 Intensive agriculture in the contemporary world 
demands high input of fertilisers as most of the 
modern high-yielding varieties are input respon-
sive (Ramesh et al.  2005 ). Before their introduc-
tion, even the poor and marginal soils could 
supply suffi cient nutrients to support rice cultiva-
tion as the net nutrient removal of the traditional 
varieties was low (Dobermann et al.  1998 ). In 
practice, several farmers apply excess quantity of 
fertilisers to modern varieties expecting to realise 
higher yield since they are known  respond to 
high dose of fertilisers. In reality, not all of the 
applied nutrients are utilised, either due to poor 
nutrient use effi ciency or due to excessive nutri-
ents over and above the threshold uptake capacity 

of varieties, leading to serious environmental 
hazards such as accumulation into water bodies 
polluting them causing eutrophication (Smith 
and Crews  2014 ). 

 Environmental contamination due to surplus 
nutrients is a serious contemporary problem. 
Most of the residual nutrients, especially excess 
N and P, get leached into groundwater or accu-
mulate in surface water causing eutrophication 
(Raven and Taylor  2003 ). This causes harmful 
algal blooms (HABs), in marine, estuarine and 
fresh waters threatening the health of the 
 environment, plants, animals and people. 
Cyanobacterial and red tide ( Karenia brevis ) 
blooms can block sunlight penetration in water, 
deplete oxygen and produce toxins that seriously 
threaten aquatic life (Heisler et al.  2008 ). 
However, excess K is not known to create any 
environmental problem. 

 Atmospheric pollution due to excess nutrients 
occurs particularly in case of N, due to volatilisa-
tion. Major volatile forms of N are NH 3 , nitrous 
oxide (N 2 O) and nitric oxide (NO). N 2 O is a 
greenhouse gas that contributes to about 6 % of 
the anthropogenic greenhouse effect and causes 
the depletion of stratospheric ozone. NO is read-
ily converted into nitrogen dioxide (NO 2 ) in 
atmosphere, and at high concentration levels, 
NO 2  is potentially injurious to plants that reduce 
growth and yield. Even at lower concentrations, 
NO 2  can be potentially injurious in combination 
with either ozone (O 3 ) or sulphur dioxide (SO 2 ). 
Nitrogen oxides (NO X ) play a critical role in soil 
acidifi cation, infl icted through acid rains and dry 
deposition. NH 3  is a major air pollutant which 
neutralises acidic vapours of SO 2  and NO x . 
Neutralised acids form a major constituent of 
atmospheric aerosols and deposition of which 
brings back NH 3  to surface which causes eutro-
phication and acidifi cation (FAO  2001 ).  

6.4.3     Waning Natural Fertiliser 
Resources 

 Most of the fertilisers are inorganic chemicals 
that release one or more major nutrients to soil, 
and almost all of them are obtained or chemically 
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synthesised from natural sources. These natural 
sources are fast depleting due to continuous min-
ing. As most of the natural fertiliser reserves are 
confi ned to particular geographical regions, 
 geopolitical issues and monopolisation for 
 fertiliser dependence are growing concerns for 
the future. Additionally, chemical synthesis of 
fertiliser is a high energy-consuming process that 
requires the usage of non-renewable energy 
sources such as petroleum and natural gas 
(Giampietro and Pimental  1993 ). 

 The production of nitrogenous fertilisers such 
as urea and ammonium salts from commercial 
NH 3  generated through Haber-Bosch process 
uses natural gas as the major feedstock (Erisman 
et al.  2008 ). In the Haber process, H is obtained 
from natural gas by reacting it with steam at high 
temperatures. This H is combined with N sup-
plied from air in the presence of Fe as catalyst to 
form NH 3 . Urea is produced by reacting NH 3  
with CO 2  in the presence of an intermediate prod-
uct ammonium carbamate. The world’s estimated 
reserve of natural gas stood at 185.7 trillion cubic 
metres by the end of 2013, which is estimated to 
last only for the next 55.1 years (BP  2014 ). 

 Phosphate rock or phosphorite that largely 
contains phosphates of calcium is the only natural 
source for phosphatic fertilisers. 82 % of the 
mined rock phosphate is used for fertiliser pro-
duction (Cordell and White  2013 ), as well as used 
directly as P fertiliser in the form of rock phos-
phate. Rock phosphate is insoluble in water and 
hence is a slow-release fertiliser. Reacting rock 
phosphate with sulphuric acid produces phos-
phoric acid which is used for the production of 
soluble phosphatic fertilisers such as single super 
phosphate, triple super phosphate and ammonium 
phosphate (Bolland and Gilkes  1998 ). Phosphate 
rocks are non-renewable, and the recent estimates 
suggest that phosphate rock reserves of the world 
stand at 290 billion metric tonnes which may last 
only for next 300–400 years at the current rate of 
production. Further, 68 % of the global geological 
phosphate rock reserves are confi ned to countries 
such as Morocco, USA and China (Van 
Kauwenbergh  2010 ). 

 The major source of natural K fertilisers is 
from the deep salt pans in earth’s crust that may 

either contain salt deposits or rock-forming 
 silicate minerals (Manning  2010 ). Almost all of 
the commercial potash deposits come from 
marine sources, either ancient seas that are now 
buried or from salt water brines (Fixen  2009 ). 
Unlike that of N and P, natural sources of K are in 
many mineral forms predominantly made of 
chlorides (sylvinite, sylvite, carnallite, kainite), 
sulphates (polyhalite, langbeinite, schoenite) and 
nitrates (nitre) of K. Fertilisers are produced from 
the salt deposits by different separation and puri-
fi cation processes. The world has an estimated 
250 billion metric tonnes of K 2 O resources that 
may last longer than 600 years as per the current 
estimates (USGS  2011 ). Natural sources of K are 
also non- renewable, and hence, a future threat of 
mineral depletion cannot be ruled out. 
Furthermore, K mines are also confi ned to certain 
geographical regions of the world, wherein 
Canada and Russia share almost 80 % of the 
global reserves (Fixen  2009 ; Mohnot et al.  2005 ; 
Roberts and Stewart  2002 ). 

 Earth’s crust contains S as one of its common 
constituents, which is available either as elemen-
tal S or as several compounded forms. However, 
most of the S used today is predominantly 
extracted from natural gas and crude oil, and 
some S is recovered from coal, by metallurgical 
processing and from pyrites mining (Fixen  2009 ). 
Of this, 80–85 % is used to manufacture sulph-
uric acid. Although S-containing fertilisers are 
not primarily produced, 50 % of the world’s sul-
phuric acid production is used mainly to convert 
phosphates to water-soluble forms of phosphatic 
fertilisers. About one ton of S is required to pro-
duce about 2 tons of diammonium phosphate 
(DAP). The USA, Canada, China and Russia are 
the leading countries in S production accounting 
for about 50 % of the global S production (Fixen 
 2009 ). 

 Around the world, the overall average soil 
concentration of Zn is estimated to be 50 mg.
kg −1 , but the levels vary widely from 4 mg.kg −1  to 
3500 mg.kg −1  depending on geographical occur-
rence and concentrations of ore minerals such as 
sphalerite (ZnS), smithsonite (ZnCO 3 ), zincite 
(ZnO), zinkosite (ZnSO 4 ), franklinite (ZnFe 2 O 4 ) 
and hopeite (Zn 3 (PO 4 ) 2 .4H 2 O) (Alloway  2008 ). 
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Unlike other fertilisers, Zn fertilisers are not 
directly produced from natural sources, but are 
obtained from products or by-products of 
 processes using Zn metal as primary component. 
Although there are several sources of Zn used as 
fertilisers, the most common source is ZnSO 4  
used either in granular or crystalline forms. In 
soils, Zn fertilisation has a very high residual 
effect, sometimes prolonging for many years, and 
hence, continuous Zn fertilisation may not be 
required if Zn level raises to adequate levels 
(Mortvedt and Gilkes  1993 ).   

6.5     Mechanisms for Nutrient 
Starvation Tolerance 

 Reducing the application of nutrients exacerbates 
problem of nutrient starvation in agriculture, and 
hence, one of the most sustainable solution is to 
breed for nutrient-effi cient genotypes that require 
low nutrient input. Although it is known that 
nutrient starvation tolerance in rice is a function 
of nutrient effi ciency, despite several studies on 
nutrient uptake and utilisation, information 
 accumulated are insuffi cient to assess the poten-
tial for breeding rice cultivars with improved use 
effi ciencies. Notwithstanding, breeding efforts 
for low nutrient tolerance are mainly targeted on 
major nutrients N, P and K and other essential 
nutrients such as S and Zn. 

6.5.1     Nitrogen 

 Presently N use effi ciency of rice varieties 
remains at 30–50 %, indicating that 50–70 % of 
the applied N is lost from the soil (Peoples et al. 
 1995 ) either through volatilisation, leaching or 
by other means. Increasing the effi ciency can 
therefore counterbalance the loss and can help in 
reducing N input. Genotypic responses to low-
ered N in rice, as reported from several studies, 
predominantly include root variations such as 
enhancement of surface area, density, volume, 
distribution and root-shoot ratio (Marschner et al. 
 1986 ; Fan et al.  2010 ; Ogawa et al.  2014 ), accel-
erated uptake of N at early growth stages (Peng 

et al.  1994 ) and effi cient internal recycling at 
 terminal stages (Mae  1997 ; Mae and Ohira  1981 ; 
Tabuchi et al.  2007 ). Further, low N response in 
rice genotypes varies at different growth stages 
(Sheehy et al.  1998 ) as well as to varying N 
 supply levels during growth phases. When N 
accumulation becomes suffi cient enough for 
internal N homeostasis, internal mechanisms 
take over the role of N assimilation from uptake 
machinery, leading to optimal growth and yield. 
Nevertheless, the uptake remains the key factor 
determining yield particularly under low N con-
ditions (Singh et al.  1998 ; Witcombe et al.  2008 ). 
For ultimate realisation of yield, N uptake prior 
to panicle initiation is critical in building up the 
internal N reservoir (Vinod and Heuer  2012 ), 
which is accomplished through a complex net-
work of internal and external signalling under 
low N conditions. 

 The primary N acquisition from soil takes 
place in biphasic fashion (Britto and Kronzucker 
 2005 ) involving low- and high-affi nity trans-
porter systems in the plasmalemma, irrespective 
of the form of N being taken up. Acquired N sub-
sequently undergoes primary and secondary 
assimilation process before being incorporated 
into amino acids. N metabolism in rice is a com-
plex process that involves several gene families, 
including nitrate and ammonium transporters and 
primary and secondary N assimilation genes, 
urea transporters, amino acid transporters, tran-
scription factors and other regulatory elements 
(Lea and Mifl in  2011 ; Nischal et al.  2012 ). 
However, several of these gene systems are con-
stitutively expressed and self-regulated. It is 
therefore pertinent to identify those genes that 
give a ‘push’ on the entire machinery to work 
under N-defi cient conditions, triggering mecha-
nisms particularly targeting extensive and inten-
sive foraging under limitations of N supply 
(Pathak et al.  2008 ). This may involve those 
genes that provide an early signal to the N defi -
ciency in the seedling stage itself, accelerating 
mechanisms for the development of extended and 
deeper root system while provisioning enough 
energy to support the signalling and early devel-
opment mechanisms. Therefore, early seedling 
vigour under low N may be a crucial factor in 
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early identifi cation of low N-effi cient genotypes. 
Other traits that may be of interest in realising 
yield under N defi ciency are prolonged 
 photosynthetic effi ciency and translocation of 
photosynthates (Hawkesford and Howarth  2011 ) 
that is vital for maintaining canopy longevity to 
support continuous remobilisation of N and 
starch accumulation. In this context, functional 
stay green (Fu and Lee  2008 ) is a trait to look for 
as it can support prolonging of canopy greenness 
by delaying leaf senescence that can also sustain 
photosynthesis in maturing plants (Vinod and 
Heuer  2012 ). To identify such genotypes, it is 
better to screen the germplasm under reduced N 
input rather than no input, because no input can-
not be a sustained practice in agriculture and sig-
nals to low N may fail below a critical threshold, 
because acute N defi ciency may jeopardise the 
survival of the plant itself. 

 The development of molecular breeding and 
identifi cation of several genes involved in N 
uptake, transport and assimilation (Li et al. 
 2009a ; Kant et al.  2011 ) and quantitative trait loci 
(QTLs) for N use effi ciency under reduced N 
conditions (Vinod and Heuer  2012 ) provide new 
hope in repeating the success of introgression of 
QTLs such as  Sub1  for submergence toler-
ance (Singh et al.  2010 ; Septiningsih et al.  2009 ) 
and  Saltol  for salt tolerance (Thomson et al. 
 2010 ) in rice.  

6.5.2     Phosphorus 

 Modern rice genotypes typically have soil P recov-
ery effi ciency less than 20 % (Fageria  2013 ) much 
less than other major nutrients, N and K. This is in 
contrast to the internal P use effi ciency, which is 
much higher than that of N and K. P content in rice 
grain is much higher than in straw; therefore, the P 
harvest index in rice is as high as 72 %. This data 
indicates that to improve overall P use effi ciency 
of rice, it is necessary to improve P uptake rather 
than internal P utilisation. 

 The paradox of high Pi mobility within the 
rice plant system while growing in a pool of 
immobile soil P warrants the need for the 
 solubilisation of soil P before being mobilised 

into plants. Under Pi deprivation, rice plants elicit 
a variety of mechanisms at genotype levels that 
are combinations of morphological, physiologi-
cal and biochemical/metabolic adaptations col-
lectively known as P starvation response (PSR) 
(Plaxton and Tran  2011 ). PSR aids in foraging 
for more P under defi ciency, such as dramatic 
changes in root system and production of several 
kinds of root exudates besides encouraging 
microbial symbiosis. Rice genotypes show vary-
ing levels of expression for these adaptive traits 
under P starvation gaining access to more P when 
the bioavailable P in the soil is low (Heuer et al. 
 2013 ). When confronted with P limitation, plants 
grow more roots, increase root uptake, retranslo-
cate P from older leaves and deplete the vacuolar 
P reserves (Schachtman et al.  1998 ). In rice, root 
morphological adaptations are reported by 
 several workers in response to limited P avail-
ability that includes increase of root hair growth, 
increase in root volume and root morphological 
and architectural modifi cations (Heuer et al. 
 2013 ). Recent reports on the functionality of the 
QTL for P defi ciency tolerance,  phosphorus 
uptake 1  ( Pup1 ), suggest that the major gene 
responsible for the P starvation tolerance, 
 PSTOL1 , enhances root growth under P-defi cient 
conditions (Heuer et al.  2009 ; Chin et al.  2011 ; 
Gamuyao et al.  2012 ). 

 Root effl ux of variety of compounds such as 
organic acids, membrane proteins, acid phospha-
tases and ribonucleases (RNAses) is reported 
under P defi ciency in rice. Root exudation of low 
molecular weight organic acids (LMOAs) such 
as citrates, malates and oxalates is reported to be 
a prominent root-based mechanism that aids in 
enhanced solubilisation of P from the soil (Kirk 
et al.  1999 ; Hocking et al.  2000 ; Hocking  2001 ; 
Rose et al.  2011 ). LMOAs also have signifi cant 
chelation capacity, lowering the activities 
P-fi xing cations, Fe 3+ , Al 3+  and Ca 2+ , thus pre-
venting Pi loss (Singh et al.  1991 ). Zhang et al. 
( 2011a ) reported P defi ciency enhanced activities 
of both H + -ATPase and proton pump, which con-
tributed to rhizosphere acidifi cation in rice roots. 
Rhizosphere acidifi cation occurs by the proton 
release from roots, as a primary process of H + -
ATPase activity in the plasmalemma of root cells 
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(Schubert  1995 ). The mechanism of H +  release 
balances excess intake of cations over anions by 
acting as a primary proton pump, thereby creat-
ing pH and electric potential differences across 
the plasmalemma. Since the Pi uptake may 
involve proton cotransport, the H + -ATPase activ-
ity may improve plant P nutrition by enhancing 
the electrochemical proton gradient that drives 
ion transport across the cell membrane. Further, 
H + -ATPase activity may couple with LMOA 
effl ux to improve the P mobilisation as an adapta-
tion to P defi ciency. 

 Root secretion of acid phosphatases (APases) 
is entailed as a response to P defi ciency in rice 
(Lim et al.  2003 ; Li et al.  2009b ). APases play a 
role in P nutrition by release and mobilisation of 
Pi from organic complexes in soil through hydro-
lysis. Under P-starved conditions, plants increase 
the level of secreted APases, along with intercel-
lular phosphatases for effi cient uptake and mobil-
isation of Pi from the soil (Tian et al.  2012 ). In 
response to P starvation, along with the increased 
production of APases, signifi cant production of 
RNAses are also induced in rice (Plaxton and 
Tran  2011 ) that are involved in the acquisition of 
exogenous P (Nürnberger et al.  1990 ). The 
secreted RNAses degrade large quantum of 
nucleic acids from decaying soil organic matter 
to release Pi mobilised for root uptake (Fang 
et al.  2009 ). 

 Yet another mechanism for P acquisition is 
through arbuscular mycorrhizal (AM) symbiosis, 
which helps plants to source more P channelised 
through symbiotic associations (Vallino et al. 
 2009 ). Mycorrhizal fungi are aerobic symbionts, 
and therefore, AM associations in rice were a 
matter of debate due to increased anaerobic con-
ditions of lowland soils. However, evidences 
indicate that such associations do exist in rice 
under submerged conditions signifi cantly con-
tributing to nutrient uptake including P (Solaiman 
and Hirata  1997 ; Hajiboland et al.  2009 ; 
Watanarojanaporn et al.  2013 ). It is likely that the 
AM association to rice roots in wetlands is 
 maintained by oxygen supply via aerenchyma 
(Ipsilantis and Sylvia  2007 ). 

 Pi uptake from soils is regulated by a large 
gene family of P transporters, falling under low- 

affi nity and high-affi nity transport systems. Some 
of these P transporters are also involved in AM 
symbiosis indicating their complex role in P 
uptake under P-deprived conditions (Vinod and 
Heuer  2012 ; Heuer et al.  2013 ). In addition, sev-
eral other genes such as MYB-type transcription 
factors, stress response genes such as peroxidases 
and metallothioneins, glycolytic enzymes, trans-
membrane proteins, DNA and protein degrada-
tion enzymes are also unregulated under P 
deprivation in rice roots (Li et al.  2009b ).  

6.5.3     Potassium 

 As the most abundant cation in plant system, K 
constitutes about 10 % of the plant dry weight 
(Véry and Sentenac  2003 ). Use effi ciency of K in 
rice is high, unlike that of N and P, because K is 
not subjected to loss either due to volatilisation or 
soil fi xation. K is highly recycled between crop 
rotations and is relatively immobile in most of 
the soils. K recovery from soil can range from 20 
to 60 % (Roberts  2008 ). Since K is harmless to 
the environment, reduction of K fertiliser arises 
only in the context of bringing down the cost of K 
fertiliser input and thereby cost of cultivation, 
because major rice-growing countries import K 
fertilisers. Besides, K depletion is occurring in 
high intensity in rice systems in Asia (Dobermann 
and Cassman  2002 ) which is threatening sus-
tained rice production. Breeding K-effi cient vari-
eties will help in the endurable reduction of K 
input in the future. Although signifi cant genotype 
variations for K use effi ciency in rice have been 
reported (Liu et al.  1987 ; Yang et al.  2003 ,  2004 ), 
data still remains insuffi cient to assess the poten-
tial for breeding for low K-tolerant rice varieties. 

 Rice uptakes K in its monovalent cationic 
form K + , driven by biphasic transport systems at 
the plasmalemma. Charged metallic nutrient 
 cations like K +  and other micronutrients do not 
freely diffuse across lipid bilayer membranes, 
which require transporter proteins to ferry them 
in and out of cells and intracellular compartments 
(Eide  2005 ). Under K deprivation, high-affi nity 
transport plays a signifi cant role in K +  loading in 
plants (Szczerbab et al.  2009 ), mediated either 
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by proton-pumping ATPases (Briskin and 
Gawienowski  1996 ) or K + /Na +   uniporters/sym-
porters of the HKT (high-affi nity K +  trans-
porter) gene family that regulate differential 
uptake of K + /Na +  ions depending upon the exter-
nal ionic conditions (Hauser and Horie  2010 ). 
The presence of Ca 2+  ions increases K +  uptake, as 
it mediates K +  transport by activating tandem 
pore K (TPK) channels (Lebaudy et al.  2007 ). 
Induced K defi ciency under saline conditions is 
particularly important in rice, because rice is a 
predominant crop grown under salinised environ-
ments of the tropics (Vinod et al.  2013 ). Under 
saline conditions, Na +  ions compete and interfere 
with K +  uptake, resulting in Na toxicity and K 
defi ciency in the plants. High-affi nity K +  trans-
porters are sensitive to salinity (Fuchs et al.  2005 ) 
as well as to NH 4  + , the predominant form of N 
nutrition in rice. However in the presence of 
NH 4  + , the K uptake in rice is not found to be 
affected by salinity because high-affi nity K +  
transporters are not sensitive to NH 4  +  (Szczerba 
et al.  2008 ). Although the presence of Ca 2+  ions 
in the soil helps in K +  uptake, because Ca 2+  regu-
lates K +  channel, under high saline conditions, K +  
channel fails in the presence of excess Na +  ions. 
Nonetheless, in rice, uptake under K-deprived 
conditions is regulated by several other factors 
such as shaker channel proteins (Obata et al. 
 2007 ), aquaporins (Maurel et al.  2008 ), ion- 
sensing receptor proteins (Szczerbab et al.  2009 ), 
guanine nucleotide-binding proteins (G proteins, 
Urano et al.  2013 ), vacuolar ion channels 
(Isayenkov et al.  2011 ) and tonoplast proteins 
(Bañuelos et al.  2002 ).  

6.5.4     Sulphur 

 Sulphur is an essential secondary nutrient that is 
involved in several metabolic processes and 
 constituent of many biomolecules especially of 
S-containing amino acids, cysteine and methio-
nine (Saito  2000 ). Rice plants uptake S in the 
form of SO 4  2−  ions and convert them into organic 
sulphides in the biomolecules (Smith et al.  1995 ). 
S defi ciency is an ensuing problem in many parts 
of the intensely cultivated regions where avail-

ability of S-tolerant genotypes can be an added 
advantage (Blair et al.  1978 ). S uptake in rice is 
mediated by proton-SO 4  2−  symporters (Takahashi 
et al.  2000 ) that load SO 4  2−  ions across plasma 
membrane, from which it is transported symplas-
tically through roots (Godwin et al.  2003 ). SO 4  2−  
ions are then loaded into xylem vessels and 
delivered into chloroplasts wherein the ions gets 
adenylated and reduced to sulphite and then to 
sulphide by sulphite reductase enzyme, before 
being incorporated into various biomolecules in 
the plant system (Davidian and Kopriva  2010 ). S 
assimilation is a highly regulated process, 
expressed by internal signals for S demand and 
repressed by the accumulation of reduced S. As 
in the case of any other nutrients, root S uptake is 
under biphasic control, in which high-affi nity 
transporters play a major role under S starvation 
(El Kassis et al.  2007 ). Under low S conditions, 
these transporters are upregulated by SO 4  −  
 limitation stimuli (Yoshimoto et al.  2007 ). 
Notwithstanding, synergetic effects of high- and 
low-affi nity systems are believed to contribute 
improved retrieval of SO 4  −  in response to S star-
vation (Kataoka et al.  2004a ,  b ). Apart from the S 
transporters, S uptake and translocation is regu-
lated by several other genes, transcriptional regu-
lators such as  S-responsive element  ( SURE ) and  S 
limitation 1 ( SLIM1 ), post-transcriptional regula-
tors and micro-RNAs (Davidian and Kopriva 
 2010 ). This complicated regulatory systems of S 
metabolism works in a coordinated fashion to 
achieve overall S use effi ciency in plants that 
also drives the responses towards S defi ciency 
tolerance (Davidian and Kopriva  2010 ).  

6.5.5     Zinc 

 Cationic uptake of Zn by rice plants as Zn 2+  ions 
can be seriously impaired in wetland soils due to 
precipitation particularly by the fusion of Zn with 
free sulphides (Hafeez et al.  2013 ). Under the 
submerged conditions, Zn precipitation is predis-
posed in the presence of Mn and Fe oxides, com-
monly forming an amorphous sesquioxide 
precipitate or franklinite (ZnFe 2 O 4 ) (Sajwan and 
Lindsay  1988 ). 
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 Mechanism of Zn uptake in rice, particularly 
under wetland conditions are subject of recent 
investigations (Weiss et al.  2005 ; Arnold et al. 
 2010 ; Impa et al.  2013 ) and reviews (Bashir et al. 
 2012 ; Yu et al.  2012 ; Rose et al.  2013a ) focussing 
on the improvement of Zn uptake and accumula-
tion in grains. Intricate mechanisms of Zn metab-
olism in rice (Yu et al.  2012 ) include 
those involved in the uptake processes such as 
Zn suffi ciency sensing by roots that control 
expression of metal-binding transporters and root 
excretions of ligand molecules such as phytosid-
erophores (PS), shoot translocation and fi nal 
retranslocation to grains. Zn use in rice, like any 
other nutrient, is under strict regulatory control of 
several genes that control uptake, translocation, 
accumulation, mobilisation and remobilisation. 
Several of them belong to large gene families 
such as Zn-regulated transporters (ZRT) and 
Fe-regulated transporter (IRT) like proteins (ZIP) 
(Eide  2005 ), nicotianamine synthases (NAS) and 
yellow stripe-like (YSL) protein transporters. 
Further, the involvement of genes for PS synthe-
sis (Arnold et al.  2010 ), PS transporters and metal 
ion-PS complex transporters (Nozoye et al.  2011 ; 
Murata et al.  2006 ) are also indicated in the uptake 
process. The root uptake of Zn from soil is sug-
gested to be under control of two ZIP genes, 
 OsZIP1  and  OsZIP3  (Ramesh et al.  2003 ), while 
 OsZIP4 ,  OsZIP5  and  OsZIP8  are involved in 
shoot translocation (Lee et al.  2010a ,  b ). 

 PS are low molecular weight, non-protein 
amino acids released by graminaceous plants that 
form soluble metal ion-PS complexes with cat-
ions such as Fe 3+  and several micronutrient ions 
such as Zn, Mn and Cu that aid in cationic mobil-
isation into the plants (Römheld  1991 ; Marschner 
 1995 ). In plants, together with nicotianamine 
(NA), mugineic acid (MA) family of phytosider-
ophores are well recognised in transport of Fe 3+  
(Bashir et al.  2010 ,  2012 ). NA is a metal cation 
chelator for Fe 2+  and Zn 2+ , and it is biosynthe-
sised from S-adenosyl methionine via NA 
 synthase (Higuchi et al.  1999 ). NA is produced 
by all plants, but MA secretion is characteristic 
of graminaceous plants (Marschner  1995 ). 
Deoxymugineic acid (DMA) is one of the early 
species of MA identifi ed in graminaceous plants, 

which is synthesised from NA by NA amino-
transferase (NAAT) and DMA synthase (DMAS) 
in a conserved pathway (Bashir et al.  2012 ). 
There are several modelling studies that impli-
cate a signifi cant role of DMA in Zn uptake and 
mobilisation in rice (Arnold et al.  2010 ; Ptashnyk 
et al.  2011 ), although preference for Zn 2+  over 
Zn-DMA is reported in uptake process while 
Zn-DMA is involved in translocation process 
(Suzuki et al.  2008 ). Latest evidences such as 
predominance of Zn-NA in the phloem sap 
(Nishiyama et al.  2012 ) indicate that, in rice, Zn 
transport may be occurring as Zn-NA complex, 
rather than Zn-DMA complex. However, an 
effective transporter for Zn-NA or Zn-DMA is 
yet to be identifi ed in rice (Bashir et al.  2012 ).   

6.6     Breeding for Nutrient 
Starvation Tolerance 

 Nutrient starvation tolerance is a complex trait, 
manifested through a maze of morpho- 
physiological responses depending on the envi-
ronment under which nutrient deprivation is 
manifested. Therefore, nutrient starvation itself 
does not have a common defi nition across nutri-
ents and environments (Rose and Wissuwa  2012 ). 
This implies that breeding targets and compo-
nent traits may differ under various circum-
stances and across nutrients and therefore 
conventional breeding may likely to bring little 
progress. Rice genotypes display varying levels 
of adaptive responses and variation in nutrient 
use under different nutrient levels leveraging the 
potential for breeding for nutrient starvation tol-
erance. However, as in the case of N use effi -
ciency, drawing a distinction between uptake- and 
utilisation-effi cient genotypes remains diffi cult. 
This may also have a negative bearing on using 
conventional breeding methods, because the 
exact traits to be selected for uptake and utilisa-
tion effi ciencies are diffi cult to distinguish and 
therefore would be diffi cult to screen. However, 
molecular breeding has shown tremendous 
 success under complex situations in rice, such as 
submergence tolerance (Septiningsih et al.  2009 ), 
salinity (Thomson et al.  2010 ), yield under 

6 Enhancing Nutrient Starvation Tolerance in Rice



130

drought (Kumar et al.  2013 ) and P starvation 
(Heuer et al.  2013 ). Sourcing a sustainable level 
of tolerance itself is critical because most of the 
modern high-yielding varieties are highly respon-
sive under nutrient suffi ciency and may fail 
totally under defi cient conditions. They may con-
tribute little towards uptake effi ciency as they 
were selected for ultimate yield under suffi ciently 
fertile environemnts that may or may not include 
uptake effi ciency. These varieties possess high 
yield potential together with internal utilisation 
effi ciency that can translate into higher yield 
under ideal conditions. On the other hand, many 
of the low-yielding traditional and niche-adapted 
landraces that survive under harsher nutrient- 
starved environments would be ideal sources for 
the tolerance to nutrient starvation, since they 
have better adaptive mechanisms under nutrient 
deprivation as well as better uptake mechanisms. 
Hence, it is logical to look for uptake effi ciency 
in landraces and under-explored germplasm from 
areas of natural nutrient limitations to combine 
the target traits into utilisation-effi cient modern 
varieties. Exploring naturally adapted multi- 
stress- tolerant genetic group such as  aus  varieties 
(Lafi tte et al.  2004 ) is one such option. Under 
P-defi cient situations, Wissuwa et al. ( 2009 ) 
found that most of the identifi ed tolerant geno-
types belonged to landraces or traditional plant 
types. Therefore, ideally, breeding for nutrient 
starvation tolerance should target combining 
uptake effi ciency from the older varieties with 
high internal effi ciency of the modern varieties. 
Although conclusive data is still lacking, it may 
be advantageous to have poor or nutrient- defi cient 
soils as the target environment for selection for 
nutrient defi ciency tolerance. 

 Breeding for tolerance to nutrient starvation, 
irrespective of the underlying factors, requires 
thorough understanding of the target traits that 
drives nutrient uptake and assimilation under 
stress. Under N-limiting conditions, genetic vari-
ation in nitrogen use effi ciency (NUE) is particu-
larly important in improving uptake effi ciency 
(Gallais and Coque  2005 ), with several compo-
nent adaptive mechanisms such as root develop-
ment and architecture, delayed leaf senescence, 
early uptake of N especially at vegetative stages, 

increased symbiotic relations with arbuscular 
mycorrhiza and other N-fi xing symbionts and 
increased activity of enzymes involved in N 
mobilisation and translocation (Vinod and Heuer 
 2012 ; Fess et al.  2011 ). Although several rice 
QTLs for N defi ciency tolerance has been mapped 
from many biparental populations (Wei et al. 
 2012 ; Tong et al.  2011 ; Lian et al.  2005 ; Feng 
et al.  2010 ; Senthilvel et al.  2008 ; Wang et al. 
 2009b ; Shan et al.  2005 ; Cho et al.  2007 ), most of 
them are found to have either little phenotypic 
contribution or large QTL-by-environment inter-
actions or both, rendering them practically unus-
able in breeding (Senthilvel et al.  2008 ). 

 Heuer et al. ( 2013 ) outlined several factors to 
be considered while breeding for P defi ciency 
tolerant rice cultivars, such as better solubilisa-
tion potential of fi xed P, root modifi cations, high 
internal P use effi ciency and reduced grain P con-
centration. However, efforts so far to improve P 
starvation tolerance in rice have gone primarily 
into improving P acquisition effi ciency – the 
most remarkable achievement in this direction is 
the identifi cation, characterisation and use of 
 Pup1 , a major QTL conferring P defi ciency toler-
ance (Wissuwa et al.  1998 ; Heuer et al.  2009 ; 
Chin et al.  2011 ). 

 Under K-starved conditions, improving root 
traits that expedite uptake process is recognised 
as a major breeding target in rice. Major traits on 
focus are root architecture, high surface uptake 
capacity and the mobilisation capacity of the 
non-exchangeable K by root exudates (Rengel 
and Damon  2008 ). Substantiating this view, Jia 
et al. ( 2008 ) reported that K defi ciency tolerant 
genotypes had maintained a better root architec-
ture than intolerant ones. However, no specifi c 
target trait other than quantifi cation of biomass or 
yield per unit K taken up has been defi ned for K 
utilisation effi ciency in rice (Yang et al.  2003 , 
 2004 ). Unlike that of other nutrients, there are not 
many QTLs reported for K starvation tolerance in 
rice. For K effi ciency, the report on QTLs under-
lying K defi ciency in rice by Wu et al. ( 1998 ) 
 perhaps remains as the only report in crop plants 
(Rengel and Damon  2008 ). However, there are 
few other QTLs for shoot and root K concentra-
tions in rice (Lin et al.  2004 ; Ren et al.  2005 ), 
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reported particularly in association with salt 
tolerance. 

 Although S limitation is reported to cause 
reduction in dry matter production (Tsujimto 
et al.  2013 ), information on the nature of S defi -
ciency tolerance in rice remains scanty. Further, 
as far as our knowledge goes, no QTL has been 
reported to confer S defi ciency tolerance in rice. 
While improving tolerance to Zn defi ciency, 
shoot Zn concentration at early vegetative stage 
below 15–20 mg.kg −1  is considered critical in 
lowland rice (Dobermann and Fairhurst  2000 ). 
Further, Zn uptake and root-to-shoot Zn translo-
cation are two important parameters that deter-
mine tolerance under moderate and severe Zn 
defi ciency and continued uptake of Zn at terminal 
stages is found critical to grain loading (Impa 
et al.  2013 ).  

6.7     Engineering Nutrient 
Starvation Tolerance 

 There are several reports on candidate genes 
imparting varying levels of infl uence on nutrient 
use parameters in rice and other crop plants 
(Abrol et al.  1999 ; Hirel et al.  2007 ; Ramaekers 
et al.  2010 ; Rose et al.  2011 ; McAllister et al. 
 2012 ; Vinod and Heuer  2012 ; Veneklaas et al. 
 2012 ; Rose et al.  2013a ,  b ; Zhang et al.  2014 ). 
However, genetic manipulations for nutrient use 
in rice have so far been limited to experimental 
validation of few candidate genes. 

 In an attempt to develop N use effi cient plants, 
antisense technology was used to develop trans-
genic rice plants with reduced Rubisco content 
by transformation with the Rubisco small subunit 
 OsRbcS  antisense gene under the control of the 
 OsRbcS  promoter, resulting in plants with better 
N use effi ciency under conditions of saturating 
CO 2  and high irradiance (Makino et al.  1997 ). 
However, overexpression (OX) of  OsrbcS1  in 
transgenic lines showed no signifi cant change in 
photosynthesis and in fact showed reduction in 
tiller number (Morita et al.  2014 ). Screening of 
transgenic rice lines carrying cytosolic glutamine 
synthetase genes from rice ( OsGS1;1  and 
 OsGS1:2 ) and  Escherichia coli  ( glnA ) showed 

overall increase of total leaf GS activity, elevated 
soluble protein concentration, higher total amino 
acid content, and increased total N content in the 
whole plant. However, transgenic lines failed to 
give higher grain yield but had lower grain amino 
acid concentrations (Cai et al.  2009 ). Furthermore, 
transgenic  OsGS1;2 OX rice lines constitution-
ally driven by maize ubiquitin promoter were 
reported to show better utilisation effi ciency 
leading to better harvest index, spikelet fertility 
and grain number than the wild types. Contrary 
to the expectations, there was no signifi cant 
advantage shown by the transgenics under 
N-limiting conditions than N-suffi cient condi-
tions (Brauer et al.  2011 ). Recently, rice ammo-
nium transporter gene,  OsAMT1;1  was 
overexpressed in transgenic rice lines, to demon-
strate high NH 4  +  permeability and high NH 4  +  
accumulation, resulting in greater N assimilates; 
increased chlorophyll, starch, and sugars; and 
increased grain yield when grown under subopti-
mal and optimal N conditions (Ranathunge et al. 
 2014 ). Shrawat et al. ( 2008 ) introduced a barley 
 AlaAT  (alanine aminotransferase) cDNA driven 
by a rice tissue-specifi c promoter ( OsAnt1 ) to pro-
duce transgenic rice lines with increased biomass 
and grain yield under suffi cient N supply. These 
transgenic plants had signifi cant increase in key 
metabolites and total N content, indicating 
increased N uptake effi ciency. Further testing of 
these transgenic lines under different N levels 
revealed improved NUE at medium and high N 
supply (Beatty et al.  2013 ). Positive effects on 
NUE were reported in transgenic plants express-
ing an early nodulin gene  OsENOD93-1 , which 
increased shoot dry biomass and seed yield, 
which also accumulated higher concentration of 
amino acids in xylem sap, especially under N 
stress (Bi et al.  2009 ). Further,  OsENOD93-1 OX 
transgenic rice plants driven by a constitutive 
ubiquitin promoter achieved 23 % and 16 % more 
yield and biomass, respectively, compared to 
wild-type plants when grown under N-limited 
conditions. These lines further expressed 
enhanced accumulation of total amino acids in 
the roots and xylem sap (Guevara et al.  2014 ). 
Arginine is considered as an important amino 
acid for N transport and storage, playing a crucial 
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role during seedling development. Transgenic 
introduction of arginine hydrolysis enzyme 
( OsARG ), a key enzyme in the arginine catabo-
lism, was reported to improve grain number per 
plant under N-limited conditions in  OsARG OX 
rice lines, with strong  OsARG  expression in 
developing panicles (Ma et al.  2013 ). A high- 
affi nity urea transporter  OsDUR3  that was found 
upregulated in rice roots under N defi ciency and 
urea resupply after N starvation, when introduced 
into  Arabidopsis  transgenic lines, exhibited 
marked improvement in growth on low urea and 
increased root urea uptake (Wang et al.  2012 ). 
Transgenic introduction of a calcium-dependent 
protein kinase,  OsCDPK12 , was reported to 
improve N content and dry weight of the plants 
under N-limited conditions, indicating its role in 
signal transduction under N-deprived conditions 
(Asano et al.  2010 ). Under N-limited conditions, 
transgenic rice lines expressing the maize tran-
scription factor ( ZmDof1 ) were demonstrated to 
have improved growth, enhanced accumulation 
of carbon and N accompanied by predominant 
distribution of N to roots, signifi cant root biomass 
increase and modifi cation of the shoot-to- root 
ratio (Kurai et al.  2011 ). Similarly, rice transcrip-
tion factor  OsDof25 , when introduced into 
 Arabidopsis , was found to increase expression 
levels of high- and low-affi nity ammonium trans-
porters ( AtAMT1.1  and  AtAMT2.1 , respectively) 
and repressed the high-affi nity nitrate transporter 
( AtNRT2.1 ). Together with an increase in amino 
acid content and elevated levels of enzymes 
involved in carbon metabolism the transgenic 
lines suggested that  OsDof25  was involved in 
NH 4  +  uptake and organic acid metabolism in 
plants (Santos et al.  2012 ). 

 For P starvation tolerance, functional analysis 
of  Pup1  QTL was carried out by cloning, and 
transgenic expression of the serine-threonine 
protein kinase gene,  OsPSTOL1 , constitutively 
driven by 35S promoter, showed that  OsPSTOL1  
enhanced crown root growth at an early devel-
opmental stage in rice plants, concomitantly 
increasing root surface area and thereby enabling 
the plants to forage a larger soil area and to take 
up more P and other nutrients (Gamuyao et al. 
 2012 ). Several transcription factors are impli-

cated in imparting P starvation tolerance in rice. 
Transgenic OX of a rice transcription factor 
( OsPTF1 ) involved in the phosphate starvation 
response in phloem cells of the primary root, 
leaves and lateral roots in rice lines manifested 
enhanced tolerance to P starvation. Microarray 
data on this  OsPTF OX transgenic rice plants 
showed an enhanced expression of rice proton- 
translocating pyrophosphatases (H + -PPases) (Yi 
et al.  2005 ). H + -PPases are highly conserved 
sequences in plant genomes that are known to 
respond to various abiotic stresses such as salin-
ity, drought (Gaxiola et al.  2001 ) and P starvation 
(Yi et al.  2005 ). Rice lines overexpressing the 
 Arabidopsis  vacuolar H + -pyrophosphatase gene 
( AtAVP1 ), a type 1 H + -PPase, exhibited sustained 
shoot growth under Pi-defi cient conditions as 
against the controls which showed poor growth 
(Yang et al.  2007 ). Moreover, these lines devel-
oped enhanced rhizosphere acidifi cation capac-
ity, enhanced size and density of root hairs and 
more robust root systems than controls in both 
Pi-suffi cient and Pi-defi cient conditions (Gaxiola 
et al.  2011 ).  Arabidopsis  phosphate starvation 
response regulator 1 ( AtPHR1 ) is an MYB tran-
scription factor known as  PHR1 -binding 
sequences ( P1BS ) that play a key role in P starva-
tion signalling by binding to a cis-element motif 
GnATATnC (Rubio et al.  2001 ).  OsPHR1  and 
 OsPHR2  are rice orthologs of  AtPHR1 . 
Transgenic rice lines overexpressing  OsPHR2  
were characterised by excess Pi accumulation 
and Pi toxicity under P-replete conditions (Zhou 
et al.  2008 ; Wang et al.  2009a ). In rice roots, the 
low-affi nity Pi transporter gene,  OsPT2  is posi-
tively regulated by  OsPHR2  through physical 
interaction and upstream regulation of rice 
 phosphate over accumulator 2,  OsPHO2 . 
 OsPHO2  is an E2 enzyme having an ubiquitin-
conjugating (UBC) domain, which regulates Pi 
uptake, allocation and remobilization (Dong 
et al.,  1998 ).  OsPT2  is responsible for most of 
the  OsPHR2 -mediated accumulation of excess 
shoot Pi (Liu et al.  2010 ). Under exposure to Pi 
starvation, transgenic  OsPHR2 OX rice lines 
mimicked Pi starvation response together with 
the induction of P starvation-induced (PSI) genes 
(Wu et al.  2013 ) along with the upregulation of 
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purple acid phosphatase (PAP) genes as evi-
denced by an increase in both acid phosphatase 
and surface secretory acid phosphatase activities 
in rice roots (Zhang et al.  2011b ). A negative 
regulator of  OsPHR2  in rice,  OsSPX1 , an SPX 
(SYG/PHO81/XPR1) domain gene (Wang et al. 
 2009a ) supresses the accumulation of excess 
shoot Pi, in transgenic plants by interfering with 
the  OsPT2  expression by  OsPHR2  (Liu et al. 
 2010 ). An R2R3 MYB transcription factor, 
 OsMYB2P-1 , was found to improve tolerance to 
P starvation as well as root system architecture, 
in  OsMYBP-1 OX lines exposed to Pi defi ciency 
(Dai et al.  2012 ). Another group of transcription 
factors in rice, auxin response factors 16 and 19 
( OsARF16  and  OsARF19 ), regulates auxin- 
responsive genes and thereby increases the lateral 
root growth as a response to P starvation (Shen 
et al.  2012 ; Wang et al.  2014 ). Another gene, leaf 
tip necrosis ( OsLTN1 ), was demonstrated to act 
as a negative regulator of P uptake and plays a 
major role in P signalling in rice (Hu et al.  2011 ). 
There are also reports of micro-RNAs associated 
with P starvation response in rice (Kuo and Chiou 
 2011 ). Transgenic analysis of miR827, which is 
highly upregulated under Pi defi ciency, showed 
complex regulation with respect to its target 
genes,  OsSPX‐MFS1  and  OsSPX‐MFS2 , which 
encode SPX-major facilitator superfamily (SPX- 
MFS) proteins predicted to be implicated in 
phosphate (Pi) sensing or transport (Lin et al. 
 2010 ). 

 In contrast, most common genes in the P 
assimilation pathway such as P transporters were 
seldom found to make signifi cant P starvation 
response. Jia et al. ( 2011 ) analysed the effect of 
the rice P transporter  OsPht1;8  by OX and repres-
sion through RNAi and found that P uptake in the 
transgenics was altered as expected, resulting in a 
signifi cant reduction in the number and size of 
panicles, as well as >80 % spikelet sterility. In 
another study, transgenic rice plants overexpress-
ing  OsPht1;1 , showed high Pi accumulation in 
leaves under P-replete conditions (Sun et al. 
 2012 ). In another investigation, only few of the 
transgenic rice plants overexpressing the tobacco 
transporter  NtPT1  were found to outperform the 
controls, only to yield less than the controls on an 

average (Park et al.  2010 ). Expression of a P 
transporter  OsPT11  that is specifi cally induced 
during arbuscular mycorrhizal (AM) symbiosis, 
in yeast knocked down mutants for high-affi nity 
Pi transporter  PhO1  was found to complement 
the defect in phosphate uptake in the mutants 
(Paszkowski et al.  2002 ). 

 To prevent loss of P as anti-nutritional factor 
through grains, reduction of grain phytate content 
in rice was attempted through RNAi-mediated 
silencing of myo-inositol-3-phosphate synthase 
gene ( OsMIPS ) that catalyses the fi rst step of 
phytic acid biosynthesis in the developing rice 
seed (Feng and Yoshida  2004 ). Transgenic plants 
carrying silenced  OsMIPS  gene driven by seed- 
specifi c  Oleosin18  ( Ole18 ) promoter had reduced 
phytate content expressed in the aleurone layer 
and embryo, but had undesired effects on seed 
myo-inositol metabolisms (Qu and Takaiwa 
 2004 ). In a recent attempt, Ali et al. ( 2013 ) 
employed a modifi ed approach in which inositol 
1,3,4,5,6-pentakisphosphate 2-kinase gene 
( OsIPK1 ) that catalyses the last step of phytic 
acid biosynthesis was silenced using RNAi 
techniques without affecting the initial steps. 
Transgenic rice lines expressing silenced  OsIPK1  
showed reduced phytate content in grains, with a 
concomitant increase in the amount of Pi and iron 
and no adverse effect on seed germination or in 
any of the agronomic traits.  

6.8     Conclusions 
and Perspectives 

 In rice-growing regions around the world, nutri-
ent starvation occurs in agricultural soils either 
naturally in poor and marginal lands or by nutri-
ent depletion due to continuous farming. Nutrient 
limitation together with the need for increased 
food production enforces demand for artifi cial 
nutrient supplementation to soil. However, natu-
ral reserves of the fertiliser sources are rapidly 
depleting around the world, triggering price rise 
and sociopolitical divides. Additionally, in areas 
where intensive rice cultivation is practised, 
excessive fertilisation is causing environmental 
degradation. All these issues of contemporary 
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agriculture converge on a single sustainable solu-
tion of reduction of fertiliser input in agriculture, 
feasibility of which necessitates the development 
of low nutrient-friendly rice varieties. 

 Rice gene pool harbours enough variability to 
nutrient use that has already been successfully 
exploited in developing high-yielding varieties 
using conventional approaches. The selection of 
these varieties occurred under conditions of nutri-
ent suffi ciency and therefore could have favoured 
genes that are responsible to internal nutrient use 
and against those genes that triggered responses 
for nutrient defi ciency. Nutrient starvation 
responses are mainly driven by factors associated 
with increased uptake under nutrient- deprived 
conditions in order to maintain the internal nutri-
ent homeostasis. Experiences show that favour-
able genes for defi ciency response are to be mined 
from older varieties rather than the modern ones. 
Combining the uptake effi ciencies of older variet-
ies with internal utilisation effi ciency and high-
yielding ability of the modern varieties should 
therefore be the ideal approach towards breeding 
varieties for nutrient starvation tolerance. 

 Responses to nutrient starvation are very com-
plex, and the breeding objective itself is a rever-
sal to what has been done towards the development 
of modern HYVs. Molecular approaches may be 
better suited to tailor nutrient defi ciency responses 
into elite genetic backgrounds that combine 
quantity and quality of yield. Successful intro-
gression of QTLs related to various biotic and 
abiotic stress tolerances has already been demon-
strated in rice. The success of the development of 
P defi ciency tolerant rice varieties in the elite 
backgrounds such as IR64 and IR74 by marker- 
assisted introgression of  Pup1  QTL (Chin et al. 
 2011 ) is a major impetus towards replicating 
similar success in case of other nutrients. De 
facto pyramiding of several loci conferring biotic 
stress tolerance especially to various diseases has 
been achieved in rice using marker-assisted 
selection strategy (Singh et al.  2011 ,  2013 ). 
Efforts are ongoing to pyramid various abiotic 
stress tolerance QTLs in rice, which also include 
 Pup1  (Wissuwa  2011 ). However, not many 
QTLs/genes for nutrient defi ciency tolerance 
have been identifi ed as of today. 

 Concerted efforts are to be bolstered to identify 
phenotypic components of nutrient assimilation 
in rice as well as to identify related novel genomic 
regions that can confer tolerance to nutrient-lim-
ited situations, by looking beyond the horizons of 
nutrient uptake (Heuer et al.  2013 ). Currently 
several state-of-the-art phenotyping platforms 
are getting ready in major laboratories around the 
world that can monitor plants very closely 
throughout its lifespan for phonological behav-
iour (Tung et al.  2010 ). Furthermore, present-day 
rice improvement programmes are augmented 
with molecular-based technologies to identify 
and introgress novel genomic regions targeting 
specifi c traits of long-term interest. Marching 
ahead from structured population- based QTL 
mapping strategies, genomic-assisted tools such 
as the development of association mapping (AM) 
panels are becoming common platforms for the 
identifi cation of novel genomic regions today. 
Genome-wide and nested association mapping 
panels are to be explored through single-nucleo-
tide polymorphism (SNP) and sequence-based 
polymorphisms to identify novel variations. A 
close variant of nested AM population called 
multi-parent advanced generation inter-cross 
(MAGIC) population is being tested in rice (Zhao 
et al.  2011 ). Further, genomic selection is also in 
the pipeline that can accelerate the development 
of targeted trait-based crop improvement (Xu 
 2013 ). With effi cient technologies in hand, formi-
dable challenge for breeders is to identify  relevant 
traits and ideal phenotyping tools for improving 
nutrient starvation tolerance in rice.     
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