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Preface artners to Feed a Hungry World offers non-specialists 

soil science and microbiology overview of 
the accomplishr,ei,ts, scientific merit, and significance of the Indo-

United States Science and Technology Initiative (STI) in agriculture. 
Interested specialists may find details of individual research projects in 
technical journals and institutional reports. 

We hope that readers of this book will sense the excitement and 

commitment of scientists involved in STI. This publication illustrates 

that in scientific endeavors mutual cooperation between and among 

scientists is far more l)roductive than isolatcd effort. 

It is my sincere hope that each reader will share in a portion of 

the knowledge, rewards, and stimulation enjoyed by scientists who 
have participated in the fruitful STI collaboration. 

P ill an 

John L. Malcolm 
Senior Soil Specialist 
Office of Agriculture 
Bureau for Science and Technology 
March 12, 1990 

Any opinions, findings, and conclusions or recommendations expressed in this 
publication are those of the editors and do not necessarily reflect the views of the 
United States AgencY for International Development. 

This publication was prepared oy Research Assessment Management, Inc. for the 
Agency for International Development under Contract Number. DAN ,106--00-5112-00. 



V 

Table of Acknowledgments .......................................... iii
C ontents 
 Preface ....................................... ........... iv
 
Partners To Feed A Hungry World ..... ...................... 1
 

Bigger Harvests While Preserving Soil and Environment ....... I
 
Improving on Nature's Nitrogen Fixation .................... 2
 
Super Strains of Rhizobia ................................. 2
 
Hormone3 and Pesticides from Fungi? ....
 
Better Use of Fertilizer Nitrogen ........................... 4
 
Reforestation of India's Wastelands ......................... 5
 
STI as a M.;,&l for Attractive New Projects .................. 7
 

Redesigning Nature's Nitrogen Factories ........................ 9
 
Traditional Farmers Harness Nature', Nitrogen ............... 9
 
The Heavy Costs of Artificial Fertilizer ..................... 10
 
A Complex and Delicate System .......................... 10
 

. . . . . . . . . . . . . . . . . . 3
 

D esigner Rhizobia ...................................... 11
 
Indian Bugs with American Genes ........................ 12
 
BNF for W heat and Rice? ................................ 13
 
Low Technology for the Villages .......................... 14
 
Greater Salt Tolerance and Pest Resistance ................. 16
 
huw Soil Fungi Help Plants .............................. 16
 

Com plex Interdependencies .............................. 17
 
Nitrogen Husbandry ........................................ 19
 

Puzzle of the Disappearing Nitrogen ....................... 19
 
Isotopes Trace Nitrogen Losses ........................... 20
 
Competition for Nitrogen from Microbes .................... 21
 
Strategy for Flooded Rice Paddies ......................... 22
 
Farming Advice from a Computer ......................... 23
 
Tiny Time Pills Reduce Nitrogen Losses .................... 24
 
Lessons from Ancient Farmers ............................ 25
 
Legum es as Cover Crops ................................ 26
 
Deep Fertilization aiIa Chinese ........................... 27
 

Reforesting India and The World ............................. 29
 
W :steland to Woodland ................................. 29
 
Righting Centuries of Abuse .............................. 30
 
The Versatile Poplar ....... ............................. 31
 
Innovative Short-rotation Forestry ......................... 31
 
Tough Shrubs from the American West .................... 32
 
A Giant New Industry for Seed Production .................. 33
 
The Art of Cloning Indian Trees .......................... 33
 
Social Forestry ......................................... 34
 



l le 

V 0 14 
It 

st,
Ir 

.14 



Partners 
i 0 Feed
A Hungry World 


Tehology Inii Sieneate wand
Technology Initiative (STI) was 
designed to be a collaboration 
between equal partners that would 
bring considerable advantage to both. 
Of all the areas chosen for study, 
agriculture promises the largest 
benefits to both the research 
partners-and to the world at 
large-while conforming most 
closely to the equal-exchange ideal. 

/ indful of the long and lrodUCtive history of 
lv.1scientific and technological cooperation between

their two countries, President Ronald Reagan and Prime Minister Indira 
Gandhi launched the Indo-United States Science and Technology Initi

ative (STI) in1982 as a 
way of bringing their two great democracies 
closer together and reinforcing mutual interests. They proposer' it as a 
collaboration between equal partners, each bringing complementaryexperience to bear on common )roblems, with considerable advantage
t )t-n ote wr~ tlreto both-and to the world at large. 

Of the four geiieral areas they chose in which to condLuct joint 
research-health, earth sciences, material sciences and agriculture
agriculture is,arguably, at least, the one that potentially promises the 
largest benefits to both the research partners and to the world corn
inunity and that also conforms most closely to the equal-exchange 
ideal. Advances inagricultural technology may, in fact, be essential to 
human survival. To nourish tile growing world I)O)1llat ion, food output 
must increase by about 60% during the next 2) Years. 

Furthermore, the United States and India have a lot to learn from 
each other abowt farming. The United States s)earheaded the Green 
Revolution that hell)ed transform once-hiungry Third \Vorld countries 
into self-sufficient grain exporters. But the United States also has much 
to learn about things like long-term soil Ihsbandry and energy
conscious farming from countries such as India with thousands of years 
of experience in such new-old practices as organic farming. 

Bigger Harvests W"ile IPreservifg Soil 
anl Lnv,irmillcllt. 

While India's main stake in STI agricultural research is to expand 
yield, a major United States concern is to preserve the soil and the en
vironment. Awareness is growing that heavy reliance on fertilizers, 
lime, and synthetic chemicals, can, in the long run, damage the water, 
the air and farmers' ability to sustain high yields. Soils erode and lose 
their moisture-holding loam, and nitrates from artificial fertilizers pollute 
streams and ground-water with callcer-causing agents and contribute to 
green-house warming and stratospheric ozone-depletion. United States 
farmers look respectfully at their Indian counterparts who apply 
minimal anou nts of chemical fertilizers, herbicides, andl pesticides while 
coaxing five or six crops a year from fields long-ago depleted of topsoil 
and natural nutrients. 
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Searching for a way to substantially increase 
rice yields, S77 researchers grow the nitrogen
fixing fern, azolla. 

Awareness is growing 
that heavy reliance on 

Agricultural research projects Under STI, managed on the United States fertilizers, lime, and 
side by the Agency for International Development (AID) and the United 
States Forest Service, fall into three main categories. One, biological synthetic chemicals, can, 
nitrogen fixation (BNF), focuses on improving and extending the ability in the long run, damage 
of certain microorganisms in soil and water to "fix" the atmosphere's the water, the air and 
gaseons nitrogen into mineral form, thereby making this critical nutrient farmers' abilitv to sustain 
to, all living things available to growing crops. Another category, high yields. 
related to the first, is nitrogen fertilizer efficiency (NFE), which is con
cerned with finding ways to minimize the inevitable losses of soil 
nitrogen, with attendant effects on food costs and environmental 
degradation. Th, third area, biomass research, seeks to help reverse the 
worldwide trend toward deforestation whose econemic and environ
menta! consequences appear steadily more alarming. 

SUpeCI" Sth-tilis ()f Rkliz(i)bi 

Much of the work in the 13NF program is devoted to genetically 
engineering sUper strains of rhizobia, the nitrogen-fixing bacteria that 
create and inhabit nodules in the roots of legunes, major food-crops 
and dominant "green-mannures" in the organic-farming coin mu nity. 
Already researchers are designing new strains of rhizcbia that combine 
desirable genes not only from other rhizobial species but even from 
non-rhizobial genera, with an eventual aim of extending nitrogen-fixing 
abilities to non-legu le crops such as wheat or rice. 



Researchersmonitor howii much fertilizer
nitrogen gets lost from rice p/ants. 

Scientists are combining
competitiveness traits Ill one 1NF program, for example, s(.;"Iltist. are coliilling co'¢lS)etlitive! less traits Willi improved llitrO el.fixilng (uilities to I)f(1ducCwith improved nit ogen- SHp)erlugs tihat call eplace illdi, e)TOLs sI rainS. Researchers aMIalvze the 
fixing qualities to produce malke-np of theI, IgDNA miole.inle inl orgalnislis with desirable 
superbugs that can replace characteristics, identify anwl extract desirable genies, thell ilsert themindigenous strains. into the DNA strand of a target orgaism having other desirable 

- characteristics. 

Other STI researchers are workilg oilo lewer, inore direct gene 
manipoulatiolI techili(tes that i volve extracting little DNA segments, or 
pIlasmids, from the bacteritln, sherwIicti 'oli, openlilg them 1)with 
the aid of chemical enzymes, splicing ill foreign gell.es, then re-inserting 
thein inlto a host to alter its biochelical behavior. 

HormonI eS aidt test icidcs fr)m Fuig~i?'. 
Another fascinaling interdll)endency 1lidler st(l\y isthe oie exising 
between most )lallts and V,'rions so*l fungi known as mnycorrhiza. 
These filamentlike fnigi inhabil Ofr sulrrouimId l)laIMs' tinv rootlets, funnlc
tioning, as exlelsiolls of lil root ,'StIMS 1o increase uptlak of nntlrielts 
and mnois.tur,, a1(l inl mar ly Ciases spl)lyi)ng vital hor es, natna peSti
cides, and lisease-figitilig substalces as well. Researcher,; are il-
Vestigatling the synergistic effects of ilno(na lil g seeoIs with both nycor
rhiza and rhizobia to ellhalce nliirogen fixatina a d al the same time 
supply plants other chemical services they requlire. 



At the Central Rice Research Institute in 
Catack, India, Al. M. Panda collects gas 
sapnples from the first direct field 
measurenneas of denitrification evercondttc 'edillIndi . , 

A" 	 Researchers hope that 
anaboena'slittle nitrogen
factories may eventually

Still other STI rt'searchrs ilre inestigatiig a symbiotic relationsh p replace the chemical 
v,,id l exploited in the Orie t- the water fern Azolla ald its nitrogel 
fixig I)lue-green algae called Aimbaetn-in an attempt to identify 
strains of ferin atl aloe with greater salt-tolZrauici, United States ricetesi-rlsistalce,aid 

c)]liltion-reillovilg tale!ns. III their most recet report, the National cultivation, with 
Research Council's Overview Panel, which ensures that ST'I is onltarget, enormous savings in 
selectled for special entionthe work of SFI researchers who have both energy and 
idenitifiedl superior species of azolla, with greatly superior nitrogen-fixing environmental daittage. 
abilities. It is hoped that the new svnibion ts can be sown, between or 
with crop s of rice to provide all t',e nlitrogcl rice crops leed. Researcher>; 
hope that alabaella's little nlitrogell-factories mnay eventually replace the 
chenmiical fertilizers used in United States rice cultivation, with ellorllolls 
saviigs in both energy and enlvironmental damage. 

Better Use of Fertilizer Nitrogen 

Another approach to the same goal is simply to improve the efficiency 
with which plants utilize nitrogen from fertilizer, whatever its origins. 
Rice plants, for example, often recover as little as 20 percent of the 
available nitrogen in fertilizer. But if these losses could be better 
understood, researchers believe that they might be reduced to 30 

percent or less. 
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N K. Ianerjee of the Indian Agricultoral 
ReseLrch Institute in New vilhi collects gas 'A 
samples in Fort Collins, Cohrudo. The gas 

samples monilor te effect of a new, 
relatiely-chep nitrificationinhibitor, cooled 

calcihu carbide. 

II-0 

Every year the world 
loses an area of forest SII scientists have found, for example, that applying fertilizer 
the size of California, on wet soil greatly increases nitrogen lose; conversely, apl)lyilg 

it a couple of days before a heavy rain decreases such losses.most losses occurring in Other STI groups are exploring the practicality of coating fertilizer 
poor, tropical countries pellets with various substalces to help inhioit nitrogen losses. 
where the main source of American and Indian ilvestigators have collaboratively 
energy is firewood. developed a coml)uter progral that allows va: ious nitrogen 

management alternatives to be tested without expensive and time
consuming field experiments. By trading information, Indian and 
American scientists hope to discover for given crop species what 
types and amnounts of fertilizer to apply, when to use them, and 
at what depths. 

Reforestati( n (of India's Wastelands 
STI's bioinass project aims to uncover usefill tree species and improved 
reforestation techn iciuCs in onIClr to pro'' ide renewable energy sources 
for rural l)l)1ulations, improve soil conditions for agriculture, and 
control floods. 

Every year the world loses al area of forest the size of California. 
Most of the losses occur in poor, tropical countries where the main 
source of energy is firewood. \Vith plenty of cheap labor, India Ihas 
been in the hrefront of countries trying to do something about the 

roblemn, each year planting 12.5 millioi, acres to restore to woodland 
the one-third of India's area that is largely 1Inrproductive wasteland. 



_____,_____,______ huortheru11
/__' ldia, rese'rc.,rsgro(l, 
. u'Uood)r Sh~rubs to re/lellis arid lands. 

Tissue cloning offers 
researchersopportunities 
to improve the species 
n noonly by selecting the 
very best specimens but 

tlelhe.w\orIlv f c.,otIij)O ii of ils IfiOllss s s'tltig also by transferringtoo (r ( that flourish ill)lltt-gi llI.o[,o~vS)e('iQ5(.'ili in marginal lands un

sllitAUICe toag-icLultur-e..A promising candidate is thle fast-growii, the cloned cells beneficial 
Aierican poplar tree, some slpecies of which attain heights of 75 feet in genes from other plants, 
just eight yeals. and even from bacteria. 

III the Iluited Staes were taper (collm)aties are grow.ing Col
(er (Ilal)ottt an etiterging Scarcity of domestic woo(l pu), SF1i researchers 
at , id~ellt:.l'ing the fastest-growin ig )o)lar species an(l l)reeding or 
chlilogi hybrids suittble for shorl-rotattorl forestry under various 

oroving coiditiou.s. 
I)Ol)htr is 110111tt sOtOt(] to Inzdia's t1or1te arid or IOLiUlailots
 

lands. For these, STI researchers are trVing out some1C Of the tIugh 
American west, such as 


collecting seedls and ,clonitig Indian trees, such as neent and acacia as
 

shrubs from ilhe UeS(Itlite and sailtl)ush, and
 

well as other hardy spe('ies from Africa's Sahtel desert. Tissue cloning 
offers researchers opportlunilies to imlprove the species not only hy 
se!ecling the very best specimens iutt also by tratsferri g to the cloned 
cells beneficial genes from other plants, and even fromibacteria. 
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STI as a Model for Attractive New Projects 
Replanting many millions of acres per year, as India contemplates, will 
take enormous manpower resources, so India is sponsoring an in
novative -social forestry" to give millions of Ilnlian villagers an 
economic interest in planting trees to l)rovide the vital firewood and 
fodder villagers and their ubiquitouls livestock reluie. 

With these and other research ventures ullderway, it is hoped 
that STI wil! serve as a model for attractive new projects. BY designing 
cooperative ventures, ntl aid programs, the l)artiiers invigorate their 
respective s'ience and teclnolooy establishments, encourage the best 
talent in each country to come forward, and speed ti progress of 
scientific discovery. 

() 



A luciferase gene responsible for a firefly*v glou' 
lights 11) (il entire Ih c(o phlan. Cloned ill I/it, l1b of 

Donahd Ih'linski and Shrn0 S.ttfie (itholthe 
University of California, San i)k'go, Il/hililci se ,gene 

mnoy aid re(searchers ill Inderstnding/I/ gH'iuhloion 
of ge,ns fhof elnlonce fil-op'on fixation. 
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Redesigning here's afinesse inNature's chernistry that mocks
Nature'smankind'sbrute-force methods, which rely onNatN etro en enormous pressures and temperatures to accomplish the same results.

Factories 	 Cases in point are the still-mysterious but seemingly-effortless processes 
of photosynthesis and nitrogen-fixation, by which plant systems extract 
carbon and nitrogei-the two dominant constituents of living tissue. 
Abundant in the earth's atmosphere, primarily in the form of carbonTeholngy-ni tates Soliecladioxide (CO,,) and molecular nitrogen (N.,), the two stlbstances are 

Technology Initiative's Biological bound so tightly ;is to challenge chemists' efforts to break them 
Nitrogen Fixation (BNF) program into their valuable constituents. 
seeks to understand, improve, and In )hotosynthesis, plants use solar energy and enzymes to 
harness natures nitrogen-fixing break the carbon-oxygen bond. Nitrogen fixation is a more comn
process to human agriculture, with plex process in which plants get help from certain species of soil 
an ultimate eye to replacing fuel., bacteria in a compJlex and delicate symbiosis that, from the stand
gobbling, polluting pi'actices based point of living things, is probably the most important division of 
on artificial fertilizers, labor on earth. The princill bacteria involved, encompassing a 

variety of strains known as rhizobia, inhabit nodules in the roots 
of legumie plants, which include peas, beans, and clovers, and 
certain trees such as leticaenas, prosopises and acacia,'. Using a 
kind of molecular jujitsu, these bacteria tease tightly-bound 
nitrogen atoms apart with mmimum outlay of energy, then com
bine them with hydrogen to make ammonia (NH:. The rhizobia 
trade the ammonia to their plant hosts iin return for the photo
synthesized carbon fuel they need to keep the process going. 

The Indo-United States Science and Technology Initiative's 
Biological Nitrogen Fixation (I3NF) program seeks to understand, 
improve, and harness this natural niirogen-fixing process to 
human agriculture, with an ultim'ate eye to replacing fuel
gobbling, )olluting practices based on artificial fertilizers. 

Traditioltal 'arners Harness Nature's Nitrogei 

Since at least Roman times, farmers around 	the world have 
recognized the value of legumes in improving soil, planting them either 
in rotation or in conjtnction with other crops both to maintain soil 
fertility and as foodstuffs in their own right. But in western countries 
after World War II, farmers largely abandoned these labor-intensive 
organic-farm ning practices for cheap artificial fertilizers, made in huge 
plants converted from unainifacturing explosives to fertilizer-i)rodUCtion. 
Subsequently, the nitrogen-h ln gry cereal crops developed tinder the 
Green Revolution increased yields sharply in response to large (loses of 
nitrogen, so even many Third World farmers now rely oi artificial fer
tilizers. Worldwide, nevertheless, most farmers still get most of their soil 
nitrogen through the natiranil symhbiosis, all(] 	 several Asian countries, 
notably China and India have developed a rich base of scientific 
knowledge about it. 
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S77 researchers (re study ing the performance 
of rhizobia in the hiLhly-weathered, inifertile 
soils tI)TiCal of upland I)(arins in hIdia. Despile 
contintouls cropping with leuil.es, ninny
of these soils lack sufficient rhizobia for 
at.'innanYields. 

Nitrates from artificialfertilizers leach away to 
Ilirtt(vt years, .ew ill Nature's elegait aplproach to nitrogen- pollute streams andinterest 

NiXatiol has ,.energed ill the West as well. For it has hecom,e clear that 
the m,ove to artificial fertilizer has elitaild heavv costs, both ill ground-wateror dissociatedwindling 
fossil ftlels and ill damage to soil, water anld atmosplhere. Soils have into gases that waft into 
)eenl losing topsoil iand their 1lloisture-IholdiI). loatniness, while nirates the atmosphere. 
fron artificial fertilizers leach aw', to ipollnte streams and grotnd-water 
with cancer-cansilg agelts or dissOCiate into gases thal waft into the 
atinoslhere, contribliuting to stch l problems as greenl-holse warming and 
stratosplheric ozotl-depletiont. STI's pro ralu focuses on inll)roving the 
efficiencv of BNFI eiiongh to make it as ecoinomicall\ lineficial to 
farmers as it is elnir ntahlelitalvlIelleficial to tle world at large. 

With its traditionl and scientific inestmneilt ill orgaic- farmhing, its 
heavv depellece oil legumne foodstniffs and nitr-gen-hnngr grains, 
plus hong growilig-seasons that perllit on1ltide crops, India is a natural 

)arlInr illefforts to impjrove BNF.The United States brings to Ihe STI 
parl)It ill andrshil) its slpecial proficiency agrictiltilirai research, 
particularly in gelet icelgineering. 

\ ('nmplex ;1t1t 1)elicatl, Sy'stell 

For all its chentical elegance, hiological litrogen fixation is a complex 
aill delicate svstem, to t designed with an eve to lhonan notions of 
economic efficiencyv. I.egnmes are wi(elv dist rillted over Plane Earth 
and rhizobia are fond wherever legullnes fhorish. Isnu'ly only specific 
rhizohium species are, coompatible with given1 le.g.utwe species. lFurther
more, each soil and climatic reginme has rlizohimnl strains that have 

http:leuil.es


An Indian graliatle shldenl works on a ,
hiqlv-conh,-olledex.rinlent to deterine ' 

a 'lether gele'ic differences in nitrate 
(ssitih tin ,,,,,. he a, ,,sef,il c , rateri stic 
for enllulcing nitrogen fixation. Success in 

this project ne('lY ellibh, breeders to increase A 
the relianc' of 'gutnes oil BN' and aS a 

(ols'( /l('il(c, (Olsi'lrve SoI' l itro)ie - l for other 

Each soil and climatic 
regime has its own adapted to that regilie.. Straills thal 1;lY [lot he lrlitilarly efficielit as 

litrogen-fixers 1)tit that call oitcoiiipete any 	 newcomers for availablerhizobia strains that noti-ieits. So, olne of the ais of TI isto co iliie collpelitivelness 
may not be efficient traits with impjroved nilt rogeii-fixilng traits to produce Siplerligs that call 
nitrogen-fixers but replace indigeiouis strains. 
outcompete newcomers 	 Suc.h featsI- have ec)Tolne Ira'ctical, or at 1,_'as-t conceivable, thanks 
for available nutrients. 	 largely to developinenits il geetic engineeri ng--inodificatinn. of theDNA iolectiles that conistitute the genietic Iltiel)riIts for all livilg 

things. Using variouts iethods, scietlists Call analyze the akllle-n)1 of 
the loing DN\ no c le ill orgmisins, i(leiitifv aild extract desirable 
gelies, th,'l inser theill itto time DNA str,-id of a target organism 
having other (ilesiralecharacteristics. 

l)esi.iper l-hi/A lbia 
hi one coopuerative effort, an American team working under L.1. Kuvkendall 
at the United States I)eparlinent of Agricultulre lab ill Beltsville, Nrvlland, 
and an Ildial tealm tinder Y.B. Gair at Iti Indian Agricultura' Researcih 
Institute, Neiw Delhi, are cowelltrailing oil i ilroviiig a rlizolfim species 
that ilhabils root iio lules Of the chicklpea-a doniiiiaiit f;odstnff of 
htndreds of millions of people ill Asia aimd else'lhir(. The Aiericans 
have developed a strailn of chicklpea rhiizohii with stoerioir ilitrogell
fixing abiilities. (atlr's gro l has isolate'd chickpea rhiz bia well-adapted 
to soil and climate co dliitils i India aild brotlght theim to Kililkeit
dall's lab ill the, Unlitied Stales. There the (eal) first .ltllres the United 
Slates rhtizol)ia togelher with 1"'. col, a b 	 ,acterillllthat has olig served 
as the .vorite transmission liiuk ill ialklmd's genletic iiiallipulatiolls. 



.S77participants sample soil from an Indian 
rice paddy, part of a large soil survey to 
evaluate hio farmi managenint affects 
rhizobialpopulations. Survey results will I 
iis'' to make recommenmd tions to farmers 
groving different crops abhout inioculation
coating seeds i4th imiaterials containing living 
bacteria and ntrhiiets to help them thrive. 

Other STI researchers 
ll1(fia ll '.;withl Ame~lrican (;eri,..;em lon employ more direct 
litadlition to,its iai DNA nolecllle E. (,/i po-ssesses short loops of engineering techniques: 
DNA-like material, called plasllids, that it all exchange with other opening up plasmids with
 
Illicrol)es t hIItIgh the iprocess knlown as conjuatioil. F'lasmids have the
 

ca)acity to pick ULp qenes froll outside sources along with the viruslike chemical enzymes,
 
ability to splice theie;elves into the m,ainl DNA molectile f thie host, splicing in foreign genes,
 
proCocilg pe'rmnlent nuitations. In Kk,leindall's lab, once the '. coil then implanting them
 
have ac(llire(l the superio)r nitrogei-fixinq genes from the American into a host.
 
rhizobia, the E.coli is cultured together with the Intiala rhizobia.
 

After acquirilq the American g.enes, the Indiall bugs can be returned to 

India as breeding stock whose descendants call he imlplanled in 

soils there. 

Other STI researchers emplloy new..er, more direct gene eilgineering 

techliqles, ilvolvilg the use of chemical enzymes to open up plasm ids, 

splice in foreign genes, then implant them into a host. As vet, these 
enzyme methods often don't work as reliably to )roduce stable muta

tiomis as the older comjngatioln methods. Nevertheless, several labs think 

they have accomplished breakthrouglhs that will imp)rove the enzvme 

methods, thereby mlakimg possible a greater range of gene manipula

tiolls. Several STI-fttntded teants, for instance, are surveying not only the 

umniverse of nitrogen-fixiug bacteria for useful genes but also other 
orgailiisms such as plants. 
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C S. Nautiyal haom Lucknow, India,
 
and Peter van Berkum fron the United States NUNN
 
Departnentof Agriculture's Nitrogen Fixation
 

and Soybean Genetics Laboratory in Beltsville, I
 
Akiryland, examine pigeon pea plants,
 
effectively and ineffectively nodulated.
 

One colalaboration, which iicludes l)onald R. Ilelinski and Sharon 
Soil m ricoorganiss have w. Stanfield of the University of California, San Diego (UCSD); Hiren Das 
complex nhitritional of Jawaharlal Nehru University (INU), and Sushil Kumar of the Indian 
requirem.ents and Agricultural Research Institute (IARI) in New Delhi is "designing" rhizobia
lifl ited capacities to using desirable genes from various different species of rhizobium aste. streses,,nL well as non-rhizobial genera. Helinski and Stanfield have identified and 
Surv~ive the(? Ste anS( 	 extracted the nitrogen-fixing genes fromid 	 a SUt)er-efficient Rhizobjititi 
coml)etitionojit/e natural meliloti that nodulates alfalfa roots. An Indian team under Kumar has 
field environmen t 	 cloned these same genes into Rhizobiutm Iegtminosarum, which 

inhabits nodules in pea-plants. 

BNF for Wheat and Rice? 
In another significant development, Das and his group have transferred 
the R.nw/loti genes required for bacteria-plant interaction into two 
non-rhizobial, non-symbiotic species, the free-living soil bacteria 
Azotobacter vinelandii and Azospirillum brasilense. Potentially at least, 
equi)ping these bacteria with the ability to interact with plants might 
extend the benefits of BNF to n1on1-legUlfe CrOl)s such as wheat or rice, 
obviating the need to rotate cereal crops with legumes. 

Several STI investigators are especially excited about a strain of 
Azospirilhim brasi/ese that grows in association with certain grasses and 
stimulates their growth by excreting the l)lant-growth hormone, indoleacetic 
acid (IAA). In a turnaboutt, the collaborators Iave cloned azospir-ilIurn's 
IAA-i)roducing genes into Rizobim melioti, enabling it to produce the 
growth-stimulator as well as to fix nitrogen. Das has also transferred the IAA
produci ng genes to another strain of azosl)irillL1111 that grows in association 
with the cereal crop, millet, and has shown that it can enhance millet yields 
by thirly to forty percent-in laboratory experiments, at least. 
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San tosh K. Go'al of Indian Agricultural 
Research InstiltlLe in New Delhi works with 
hliqh-pressureliquid chronatography 
equipment at in the lab of D . Rains at 
ithe Iniversitl of California, )avis. 

"What we've done is
Still, a broad gulf divides c-ntrolled lahoralorv a d .,1teelholsec
 

demlonstratiols from practical helemloi,.ies for use dowii oil the fa rcate a new, low-
Soil micr()orgallisis have compt)lex IlutritioJal r(uirelilelts and limiled technology fervnentation 
capacities to survive tl'stresses and (o0lopt litiol of the natural field Sj'Stefi that can be used
elvirolJnllent. lilt im1prove(l or for thatz,matler at the village level.roducllol )acterial strains, 

nlew leguiie ()s inl soils where they have never beenu plante(l before, 
generally entails iow'ulati -coadog seeds wilh materials containing 
living bacteria and lnutitnls to help theim thrive. Once in the soil, Ihe 
new strains com)ete with existing strains well-adapted to the climate 
and .-oil-col(liti, ls there, a (omel)tition the newcomers stand a good 
chance of losing. One stress that American rhizobia can't survive, for 
example, isthe scorchingo tenll'ratore.-I)warjs of 120 degrees F.
characteristic of trolical soils. 

Low TeehnlIogy for the Villa.es 

Largely as an outgrowth of itshefty investment insoybeall and I)ealut 
cultivation, the United States has (levelopedlan entire industry to make 
rhizobia inociulants. The industrv ses enlorilous and sophisticated 
fermenlation vessels illwhich under carefully conI)alteria rel)ro(dulceh( 

tiolle(l condili( is.At thw IJliversily of lawaii's NiFrAI. project (for
litrogeln fixationl)v rol)ical Agriculltlral Leguminie'), STI-st(pported 

research is atelliptilig to scale this technology down for use in countlries 
su(1h as India. "Whal we've done," says Ben I3(ihl0ol, dector of 
NiFIAL, "iscreate a new, low-technology fermentation system that can 
he used at the village level." 

http:Villa.es
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S.Kanaivan of Tahmil Nadu Agricultural I i map 
University in Coinibatore andS.S. Goval of 

the 	University of California, Davis,
 
work together ait Davis.
 

Soil scientists recognizethat the azolla-anabaena IIn collhloration with NiFFAL, Indian researchers at 1AR!identifying the .etle. ill 	
are

rhizohium strains that enable them to thrive illcombination improves particular crop)/soil/cli mate regimes. Some strains, for example, tolerate 

water quality by highly saline Soils, others can thrive inl)hoSplOrOus-deficien t soils, still 
removing phosphorous others resist lpesticides or herbicides, and so forth. 
and nitrates. Soie help ill o1 mitch colplexity may come from computers.managing 

In collaboration with NiFt'AI, Ilitlian researclers workill.q under S.V. [ledge 
at the Universitv of Agricultural Research ill,angalore are developing a 
Coml)uter mo(del ilnto which farm agents or )ossil)ly even farmers umight 
feed data at)out a sl)ecific hI'alit.v-crol) species, soil nutrients and 
tenil)erattUres, illdigetlolts bacteria, etc.-l)hus Ihe identity o[ a canldidate 
rel)tacement bactria-ad out of which would pop a lprediction about 
whether the inoculationi altelttpt is likely to stucceed or fail. 

While agricu'Iltural scientists have long emphasized the importance 
of the legilite-rhiz/obitn s.'.yl)iosis, other types of symlbiosis are nlow 
getting scieltific attetttiott illthe iew-oldI agricultural science oioneered 
by sTI. Another ttitrogetn-)rodltcittg System, wi(lely exl)oited ilthe 
Orient, for instalce, inivolves the water ferl azollta alid a Initrogen-fixing 
bilue-greetn algae callel anlabaela that ilthabils azolla's leaves. lldial 
and Chinese farIlers hiave .rowt azolla as a greet itamiure in their rice 
fields for Imti(lre(ls of years. sowing piec'es of the floaling ferni into 
flooded rice-ipaddlies between cro)ps, 1ot only to)iroviute all the nitrogen 
tieeleil vby itt also to sup)l)res, weeds a dI ptrovilethe rice l)hilts, 

fodder for ammnals. Recently, soil scientists have come to recognize that 
the azolla-analatea cotl)ittatiott also inlj)roves water (iquality by 
removintg tphoslhorous amt(i titrate--a sl)(cial tIelefit illcotLries 
troubledit byvwater p)llttiont front fertilizers an(d househ)ld detergelnts. 
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Greater Salt Tolerance and Pest Resistance 
An STI project, involving scientists from more than twenty universities 
and institi.tes in the United States and India is attempting to improve 
the azolla-alabaena systerv by identifying the most efficient strains of 
fern and algae and creati:ig lybrids with greater salt-tolerance, pest

resistance arid i)ollutioln-removing talents. 
Some researchers sj)ecialize inl trying to understand the tricky 

combination of circtinistances that induces azolla to rel)rodUce sexually. 
Most strains of the fern reproduce almost exclusively from broken 
fragiients, but the cost and difficulty of storirg and sowing vulnerable 
bits of liviig water-fern discorurage many farmers from exploiting the 
azolla-alablaeli svmbiosis. It would be far more l)ractical if farmers 
could instead sow tire hardy seed-like spores that are the fruits of 

sexual reproduction. 
As w.ith rlizOdiLnii, researchers ill the azolla-aniabaena project 

are develoin..g a corripiter iodel to predict whether specific azolla 
strains can tihrive illa given, locale. One hop0e, Of couIrse, is that The synergistic effects of 
thre solar-powered little nitrogen-factories inhabiting the fern may inoculating seeds with 
eveniallv replace the chemical fertilizers cised inUnited States rice no t n seeds ait 
cclli at ion,, with eriormous saviigs in both fuel and elvi roimntal both mycorrhiza and 
(legradatior. rhizobia may enhance 

nitrogen fixation as well 
[-loxw Sofil [u',gi [lpj Mants as supply other chemical 
Still another multi-organisin system whose significance is becoming services important to 
evident in the STI-I3NF project involves the interdependence hat plants. 
exists betweei most plants and various soil funigi collectively known 
as mycorrhiza. These filamerit-like fungi inhabit or surround plants' 
tiny rootlets, not only fuiicticriilg as extenlsiols of the root 
svstemis to illcrease uitake of nutrients and moisture but in many 
cases supilyirg vilal hormones, natural pesticides, and disease

fighting substances. 

Under .. M. Trappe, with the United States Forestrv Sciences 
Laboratory in Corvallis, Orecon, American researchers are collaborating 
with Indian cotiurlerlaris uider K. V. B. R. Tilak of IARI aid D. .1. 
13agyaraj of the Indian Agricultural IJniiVersity to investigate )(oSSible 
synergistic effects of inocrilatirg seeds with both rimycorrhIiza and 
rhiizobia, riot only to enhance nitrogen fixation bill toi supply other 
chenical services important to plants. 
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Complex Interdependencies 
In the course of their mycorrhizal investigations, the researchers have 
uncovered a tripartite interaction with important implications for 
forestry. It turns out that some strains of long, hair-like mycorrhizal 
fungi that grow in association with certain nitrogen fixing legumes, 
called Ilupi nes, actually form interconnecting channels between the 
lupine roots and the roots of many species of trees. Appar(ently, impor
tant n utrients and other sul)stances travel along these channels: unless 
the Ilupi nes and mycorrhizae are )resent, newly-planted trees frequently 

won't grow. 

A conmmon theme emerging from STI's 13NF research is the 
recognition of the astonishingly rich ecology that flourishes just below 

the surface of the soil-au in lerdependence at least as complex and 
vital to life above ground as other ecologies more well-known to 
science. In fact, it now appears, lo ecologist worthy of the name can 
leave these subterranean systems on t of his calculations. 

Searching for a wav to sobstaniall' increose 
rice yields, S77 researchers perform an c.2oll 
field e'xeriment (itthe TamnilNadu 
Agricoltural hlnicersitY in Coimnbatore, India. 



Indian and American S7 researchers are study' ing
the fate of nitrogen in rice paddies that are kept flooded 

throughoat the gnroing season. 
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Nitrogen 3 it deade;goHusbanryx ,,,ip foo'd lrodctcioi ,Ithat many experts prophesied 

.1s1,an,~r coming decades of disastrotis famines. Since then nomeltous develop

ments in agriculture coinmonly referred to as ilhe Green Revolution not 
only rescued Asia from this fate l)ut even transformed some (0ountries

Under STI's Nitrogen Fertilizer there into net exporters of food. Recently, lhowever, the old concerns 
Efficiency project, various teams of abolt Asia's abilitv to feed itself have been reemergi ng. As the International 
U.S. and Indian researchers are Fertilizer Development Center reported in 1987, -Yields have leveled 
attempting to discover the mech- off in spite of increase(d al)Jllicatio) of nitrogen. A breakthrough in crop 
anisms that remove or sequester yields isnee(ded ifone accel)ts the ireliction that the world's re(luirement 
fertilizer nitrogen in paddy rice and for additional food will increase ahoul( diringgvthe next 2( years. 

upland wheat cultivation as well as Since 80% of Asia's arable land area is now nn(ldr (lilt ivat ion, its addi

devise modified farming practices tional food retuiremunts will have to conme front increased vid(ls." 

or fertilizers to reduce these losses. The faltering progress of the Green Revolution reflects an 
economic/scicitific j)re(licaittent that a joint Indo-Anerican research 
project under the, Science and Techology Initiative is tackling. The 
I)rinlary achievement of the ireun Revolution was developinent of new 
strains of grain, primarily rice aid ,,'heal, that couli( Xj)lxil intensive 
applications of nitrogen-rich fertilizers such as urea and alilniun) 
nitrate. But a iaijor sl-rtlcomling of that achievement is simply cost: the 

fertilizers are made in ex)ensive plaits from energy-rich feedstocks 
such as natural gas. While in principle, at least, a pound of urea, say, 
can yield as ntch as ten additional l) inids of grain, farmers are reluic

tant to lay out the additional .15 cenits that such a pound would cost. 

Puzzle ()f he I)isapplarilmg Nitrt)ft ci 

Nevertheless, scienlists are hol eful of finding ways around the cost 

barrier. Their hope is based largely on the fact that in actual )ractice 
muLtch of that expensive fertilizer goes tIo waste: anywhere froim 40 to 8(1 

percent of its vital nitrogen disa)l)ears before reaching the )lants for 
which it is iitencet(l. How and why this happens-and what call be 
(lone aboul il-are the puzzles that STI is addressing. What already 
seems clear is that intch of the itritrgei gets leached, or washed, out 
of the soil, gets converted into gaseous nitrogen or aimmlioia and wafts 

away into the almosplhcre, or gets stolen by comt)c)ling life-forms. 

What's al stake in solv~inq the contind(trll of the (lisap)l)earing 

nitrogen also involves a lot nmre tlhanitile food l)l'lems of (tevelol)ing 
countries. The world as a whole now confromts l)roblems of finite and 
dwindling slpplies of energy. In addition, intich of the fertilizer that 

goes to waste il (evelopming andldeveloped coutnlies alike finds its way 
from farnmers' fields to water coulrmses alnd ltn(lergronl'tl(l altllifers. The 
fugitive nitrogen ait( plhosphates stiimtulate growth of waterliorne ptlants 
an( algae that b)lock waterways and dans and deplete vilal oxygen that 
fish re(uire. Worse yet, nitrates pose risks of cancer. United States laws 
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limit their presence in IResearchers monitor how Uiuci fertilizerdrinking water to no mIore 
 nitrogen gets lost from rice plts growing ii 
(ir-tight Ioxes near Crowle, Louisimna. 

thanlen parts per million.
 

By now,infact, slch loll
point soures of poflllioii
 

as agricultural riir-off
 

colistituite the ro,.:1
Ihafflilig .. ..... 

challenge toefforts to clean 

111)tilt w o rld 's s_
w a te r.'.; 

Iladllitio l,nitralt
 
fct'rilizer,', l~ lh
th)lri 


H)the gren-Iouise effect
 

-tlie glholal Iwarn ing due 
to liitl-tralijiig !ases ill
 
Ill','atiltms:l]hert -alld] to). ..
,,.,, 


tile dle)hetilh of the 'trat-

Sphe(ric' ozolle' laver-!hll5l.eldi th.e ,oitt
e rIll 
 Much of the nitrogen 

i'si g nCItraviohet a -. , .( .- leaches, or washes from 
,a l's.
tinally, (overuse (of the soil, gets converted 
rllimiiade fertilizers to) into gaseous nitrogen or 
the exclusion of lrllsllr. ammonia and wafts into
 
anIld or-ganic coiifliners am o i nSw fsit
darriages Soil fertiltv Ib the atmosphere, or gets 
fostering erosio,, ,'il stolen by competing 
rediicing l)ernnealility an1( calpacily for uroisture retention, life-forms. 

Under SIl's Nitrogen Fertilizer Efficieniv prioject, various tealns of 
NFF researcheirs, each dlrawni from both the United States and India, are 
attenlipling to discover not only the nrhclianisinrs that reirove or sequesler 
fertilizer ilitrogen in paddy rice aird illild wheat cultivation hut also 
to devise moudified farming practices or ferlilizers to reduce tire losses. 

A key re.'irch teclhiuiultre erIlo)l(.s tlielistope !nitrogel15 (15N) as a 
tracer. (lenlicallv idenlical to ordinary nitrogen, I[N, in their effect on 
lrlarlts, 15N atonis are nevertheiless slightly heavier; therefore Iheir presence 
cian be (htcled by in.struments called irrass slect'roinreters. One United Slates 
coitrilulion to lIre ha.s heeciSTI effort to assist in the ilistallartion and 
oalihratior of rilass slpectrorieters ill Indian laloralories. Il rnany of their 
exlieririnlls, researchers (iilloy speoial balches of fertilizer if) which Ihe 
prol)orlior of "N has l)e'ni airgnnlrIted. By appllying Ire enlriched 
fertilizer aid nlieasiriii.q tIre aioirit of 1-N that fiIros itsway into
 

'
plants, as well as inlo Irle water, soil, aid atinlosphere (f tIe plants 
enr',ironnrent, researclers call (heterlaille Wtere alltrl nitrogen goes. 
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Scientists (ire It-vinag ricet) ulderstalnd thv 

p,)(ls atilize as little as 20 prcent o. the 02
 

ntitr~ogenl As shown illthis(Ivil/ahh,to /hemi. 

schematic represent(iaoti, K.R. Reddv has
 
found tl(1the rice ph1(1nt to 12
itself is larget 

hamne fri"nihtigen losses. In flooded sils, 
 " N
 

fertilizers get c lvi t o'( or
a (tlliatall' 
Stilt-gel guls ill the raal Zolles of /th' /)l(Ilt
 
alld sitply floni, i/ta stems to
the hldla 


1the atnilt splh're.
 
Floodwater 

Aerobic Soil Layer 

Anaerobic Soil Layer 

Z,
 

nAerobic /
 

By applying enriched ____________________
fertilizer and measuring 

(lhe amount of 'WVN that ()mpetilti( Wfor Nitrotgetn ft(r Mlicrobes 
finds its way into plants, To be sure, lperfecting the t5N technlique poses scientific puzzles of its 
researchers can determine own. WVorking undier 1)1e STI granil, for example, soil scientist .John M. 
where all the nitrogen goes. Duxhu r-v his colleagues at Cornell have discovered that busy littleand 

___________________________________________ mNicroorganSims ill thte solilajpparent ly have the ability to exchange the 
ltIN atomls latturally present in the soil with the 15N~atoms in am

mon iunI fertilizer in such a way as I) co)nfoiln(1 the scientists' careful 
measuremnents and(('alcuhati¢l)s. In collalboration w.,ith Indlian] scientists 
at the Indian Agricultural Research Institute near New Delhi as well as 
at Tamil Nadn Agricultural Ulniversity in Coimbatore, the Cornell resear
chers are trvilng tI) calibrate this effect and also to (ternile the extent 
to which these sloil microbe~s comlpete with lants for nitro~gen.

Further complicating the Inissing nitrogen puzzle is that (ifferent 
crofs, (ifferet climates, amesu(nifferent farning Iethds see to provoke 
wildly (ifferent oechallislus for niroe loss. \Vorling tnder 5.K. Mohanty, 

for example, researchers at the Central Rice Research Institulte atCuttack, India, are using the "N techiliqIL to measure tie denitrificaion" 

in dry-seasoin, ileruoitentlv-fl odled rice femds clara eristic of India's 
ulplands, t)eusitrificatioll ih Crllhave whereby the nheralize(l, orc esst 

chelicall-Iom(I, nitroge tila plants actually 1e gels trallsforened 
by varislis processes into gaseosi itrogen that the escapes to 

he atIlifospliere. 
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I 1 (a Pellil ,at e.\perinlclnfl, r',seirchiers 
(olipare' two t1'a,'s of IIi('(silrtiL, :itlllouia 
t'(lfiZlfol fronit irail I/ft fh ld - the 'N 

COI'I'rT and spofle frip fIifllods. As fI.praphshlm's, Ile A"'re'or~ery method 

r(,iisf(,r(,1 a fillc/h14r'o f(r (iI ilui loss Ihlln 
/IthSl/Onl.e-h'a/i ilefhod. 

Furthercomplicating the 
puzzle is that different\leawhie, Aiericai scientists workig tidiner \VilliaPtiItrick at the crops, climates, and 

l,aloratorv for \Vetlad Soils aiid S'edilleilts aitLouisialla Slate 
tliiiversitv il katoi Rotge, Lonisiana, art' cllahorating withlIdia farming methods seem 
colleagie.s at Iijal) Agricltlal [liiersilY illI.udliana as well as at to provoke wildly
Cen tral Nice lR('serclh Institilh' ill stidvi,,M the fate of nilrogen ill rice different mechanisms for
 

Ia(l(lic's thit art' kiet flodedIll roughoul
tthe growilg s('lsol. For ole nitrogen loss. 
thing, they fiiid thait hss ilitrogenl-aild l('ss water-is wast('d from this 
tvy)e of rice cullivaliol thall fromii interilhttiilv-floodel fields. hiey also 
filnd that the rice plailt itself is largely to I)laile for lhe losses: fertilizers 
get .o wi\'rled to anlinolliia IInitrogeii gas inl liheroot zoiles of the plailt 
ail( siluilYlv flow [ip the hollow sleiis to the atllosliere. The researchers 
C(oi'lide that ole strategy for reliciig losses ijivolves lelayiuig 
fertilizer apllicaliol i1iiil the tlie whel crops t'ler their period of 
1iixiiiiiu growth.
 

Wli illrice tult i'alioll, I((liiig lhe soil as wel as lpossihlt'
 
.,ellis tioiuililiize Ililroge'll loss, ill as wheal, the
drYlalul crol s slilch 
opp(sit se(lills called for. Suil sicillist Richard Flox auud his colleagues
at Pcelllisvlvallia Statllhliversilv Ilav'e foleid !lhal apl~l~lig 111rca fcrlilizer 

toiIuoist soils orallali'idly iucr('ases the liklilihool hlult
iiroa will Ih' 
tallisforlllu'i ilto amiliuouiia alld lost. But apparo,'ilv its iot I1e preseice 
of iiuoisture allte that leads to tlhe losses, hill ratlher itslimiiiiii: tlie(
 
e)(ltin1 wheo'al, al last, a
State researtlers llso disc'oered that with 

rainfall occrriuug shortly after fertilizer isapplied aclallY redlces 
nitrogeiu loss. 
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After feeding a 
computer data about 
crop species, soil types, 
and expected rainfall, 
out would pop advice 
about farming tactics. 

Estimating NH3 Volatilization Loss 
by N-15 Recovery and Sponge Traps 
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t'armilug Advice fr)ill Collipluter(,I 

Inshort, aprincipal lesson from STI research is that the explanations 
for nitrogen fertilizer losses are many, varying with crops, soils, climatic 

regimes-as are the lrescriptions for pr-venting it. James Power, a soil 
scientist at the United States Department of Agriculare's research 

station in Lincoln, Nebraska, conteilds that one goal of research might 
be a computer model into which local farm agents could feed data 
about such variables as crop species, soil types, expected rainfall, and 
so forth and out of which would pop advice about farming tactics under 
these conditions. 

Already, a collaboration involving American and Indian investi
gators from the University of California, the Uniiversity of Florida and 
Punjab AgricuIttu ral University has l)roduced a com)tLter program that 
simulates what happens to fertilizer nitrogen in flooded soils such as 
rice paddies. Running this model will allow various Management alter
natives to be tested inexl)ensively without costly and time-colsuming 
field experiments. Small experimeits in a win( tunnel to simulate 
conditions, imluding wind-flows, occurring in actual rice I)addies show 
that the computer model predicted the actual observed values with 
good accuracy. Field experiments ii, India have also confirmed the 
model's validity. 
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"ofind out abouit nitrogen dy'iaflnics, 
'workersat Coinbatore add cIopped up 

sesbania, labeled ivith 'IA'as tracer, to rice 
plants. After flooding theilicroplots,the' 
Iransplant rice plants at various tillmes (aid 
ainal 'z(' tin' distribioinof A'betwea soil 
a111nd This close-tip slowi's liicroplltsplat. 
before green manlunre residue was nlved in. 

Till\y 'I'ie iHIIS ReIuce Nitrog(e)tI LoAsse)s'. 
Several STI groups are irrestigatinrg prospects for coating or chemically Other STI groups are 
modifying fertilizers to reduce rnitrogetl losses. 0()e )roject, i'volvi'in nggi r p lar 
researchers frol Ll)l isiaia Stale, the U i'ersitv of Florida, anidunjab coating fertilizer pellets
Universitv as well as from China's Rice Research Institute explores chemical with substances that 
additives such asi JIhe ylllhosl )horo(inidate (PPD)and N-(n-bLrtvl)t hiol)htoslIlOrric might help delay 
triaiiide (NBT), whid inhibit the ten(Ienrcv of tirea to he transformned chemical reactions 
into amnromonia. Lrea is the fertilizer of choice il regions such as India leading to nitrogen loss. 
bAl normally none of it remains in the soil withill foilr or five days 
after it is al)l)lied. Inhibitors strch as PI'D and NIT have proven to be 
effective inl steminrig losses 1-,,90 percent. As of rrow, rnfortrinately, 
these cheriicals cost miore than the nitrogen they save . 

A more promising ihlibitor, recently discovered, is calcimi 
carbide, a chemical commonly employed to make acetylene gas for 
welding and miners' lanrps. (Acturally, it's the acetvlerie produced when 
calciurm carbide mixes with water that furrrislies tIle inhibiting action in 
the .soil.) \Vorking closely together, STI researchers N.K. Banerjee of the 
Indian Agricrltrural Research Institute and Arvin Mosier of the United 
States Department of Agriculture's research slatioit inrFort Collins, 
Colorado, have fotovd calcirim carbide to be an ,effctive, relatively
cheap ritrification inhibitor and have applied for a United States patent 
on an encapsulated forri of it for this apiylicato. Other 511 groups are 
exploring the practicality of c,)ating fertilizer pellets with vinrioris 
substances that inl the manner of tiny time pills might help delay 
chemical reactions leading to nitrogeii loss. Researchers from the United 
States Department of Agriculture research station at Lincoln, Nebraska 
and from I'mijab Agriculture University are lesting urea pellets coated 
with neem cake, the abtudani residue left after pressing oil fro'- the 
fruit and seeds of the nes tree. 



25
 

In this floii-throuihexperilent at Pent State, 	 Jt " 
graduatestudent Aanv Vultz and Indian 

Untiversily f',asulre,lte anloulnl of ananlonlialost fron fertilizer. Air flowing over fertilizer 	 '; ' 5 

nli.ed with soil ill the w hite pipes ,ltbbhl s...,
 
into flasks contbining boric acid. The
 
researchers then Invlastre hon' imuchii
 

annonia is trapl)ed ili the flasks. 

While Inlia's inain stake in fertilizer efficiency research is to expand 
The U.S. has much to 	 agriculttral yield, increasingly the major Un]ited States concern is pre

learn from Indiu about 	 serving soil and the environment. Several STI researchers are convinced 

the economic efficiency that American farmers could sinmltaneously reduce nitrogen waste and 
I)ollutiOn and iml)rVle their soils bv reverting to some of the age-old

of no- or low-tillage farming techniques still widely practiced their Indian CO a- olterpars. 

farming, crop rotation, 	 The American farmer's reliance onl single crops and his heavy dependence
and use of green manures. 	 on artificial ferlilizers, largely apost-World War 11lphenomenon, is now 

ill question, what with the increasing cost of energy and the new com
prehension of the costs to both soil anid ecology. 

Although Untnied States farmers may have an edge on high
technology farming, there is Ioluch they may learn PYout economic 
efficiency from aincien t practices of agricultural India, particularly in 
such realms as no- or low-tillage farming, crop rotation and use of 
organic fertilizers or "green manUres" that redUce fertilizer require
ments. These practices, validated by thousands of years of farming the 
world over, would reduce the rate of top soil erosion while increasing 
aeration and moistutre retention and even improve crop quality if not 
yields. The use of crop residues as green manures and alternating crops 
between, say, wheat and al v of a variety of nitrogen-roducing legunes 
can restore the organic materia!s to soils that have been damaged by 
energy-intensive chemical fertilizers and single-crop cultivation. In some 
cases they increase soil nitrogen to the J)oint of making manmade 
fertilizers tnnecessary. Despite all the promise in these old-new 
methods, however, agricultural experts warn that Ihere is nothing 
magical ahot them: exp~loiting them takes skill and careful manage
ment. lames Power points out that it is often sinmipler to manage 
nitrogen-leaching witL artificial fertilizers than through crop rotation, 
since the feriilizers call be applied at optilmuml times. 
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An Idian worker injects urea into soil 
aroundg1rowing rice plants. 

In Cooperation with M. S. Maskina and others at 'l'ljal tniversity, 
Power's zgrli at the Lincoln, research station is explor ig the effects oil These STI studies indicate 
yield and i 'y of leaving varying quantities of corn and that leaving more cropnitrogen-efficiei 

soybean residtues in the field, both with and without lillage. Low-tillage residues on the soil 
nse of crop resiuijes is a c0m1n0)racti iceinch of STI surface increases theii Italia. Thes' 
studies inidicate that leaving more crop residues Oil the soil surface en wh 
increases the efficiency with which plaiits use itilrogel from fertilizer, efficiency th which 
STI researchers have learled that the presence of some fertilizer plants use nitrogen 
nitrogen encourages )lants to make greater use of the natural llitrogen from fertilizer. 
from soil, a I)he nomelonl they call IheIpriming effect. Power sl)eculates 
that the residue fosters soil, moisture, anl temperature conditions in 
the soil that favor the microbial activity, converting atmospheric 

nitrogen to mlilierals plants (all tise. 

Legumes as Co)ve r C'o)S 
In association with Punjab University and the Indian Agricultural 
Research Insttte, the Nebraska team is also testing some two dozen 
different legu mes as nitrogen-fixing cover crop: to alternale with crops 
of corn, wheat or soyl)eans. A promising cover crop for the corn-belt is 
a bushy, low-growing leguime klown as hairy vetch. A focus of tile 
Nebraska effort is to finld leguLie candidates that dol't llellete soil 
moisture ililthe already-dry central plains alld upland states. One Indian 
inport that has already showi l)romise ili regiols lsuch as Oklahoma is 
the cowpea, a sta)le food crop in India similar to tie bIlackeye pea. 

STI researchers from Cornell University, the Iidian Agricultural 
Research Ilsltitute, anld Taiil Nadu University, are cooperatively exl)loring 
the potential of a variety of legume called Sesbania that originaled in 
Africa. A tall, hemplike, ioisture-loving l)laiit, Sesbania call, ill a 
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60-day growing season, fix as muCh as 200 kilograms of nitrogen per 
hectare-more than is needed for most crops. The plant is widely used 
in the Philippines as a cover crop in rice fields. Generally-speaking, rice 
cultivation wastes more nitrogen than dryland crops such as wheat. But 
Cornell's Duxbury argues that this disadvantage might be overcome if 
the source of nitrogen were legumes such as Sesbania, which may 
improve the structure and organic content of rice soils enough so that 
they hold more nitrogen. "We believe that legume green manure 
nitrogen, properly managed, may be use(d more efficiently in paddy-rice
based crolping systems than commercial fertilizer nitrogen, whereas the 
reverse is true for ul)land agriculture," says Duxburv. 

Deep Fertilizatioi a liaChinese 
Meanwhile, a group at the University of California at Davis has torn a 
page from Asian rice-farmers' practice of deep fertilization. Chinese farm 
families often spend their winters rolling nud and fertilizer into balls, 
which are buried deeply into rice paddies at planting time. The Davis 
team finds that burying ammnionia fertilizer only ten centimeters deep in 
flooded rice fields re(Luces nitrogen loss to only one or two )ercent of 
the surface loss while increasing rice yields. 

Of all the STI programs, iml)rovements in agricultural technology 
arguably promise the largest potential benefits not only for the United 
States and India, but for the world at large. For agriculture is the industry 
that involves simultaneously the greatest potential benefit to human 

At TamilNadu Agricultural University in India, survival and the greatest potential damage to the greatest portion of 
green manure is grown for an experiment in earth's surface. In even so Inuidane-seeming an inquiry as nitrogen fer
which researchers measure the amount of 
nitrogen it provides rice paddies. tilizer efficiency research, enormous stakes ride on getting it right. 



Ioiir-year-oldStoneville, Mississippi poplars planted along the borders 
of a wheat field in Lalkua, Inlia are already an impressive size. 

Relying on private and village initiatives to get trees planted, "socialforestry" 
in India gives hundreds of millions of villagers an economic interest 

in planting trees. enorlous manpower resources. 



29 

Reforesting India- 1Imost less-developed countries, life at the villageAnd The is biorrass-based the inhabitants dependWorldlievel 
And The Wo d local lant-life for their food, fuel, fiber, fertilizer, shelter, 

and even medicine. 
Unfortunately, these pressing needs often overwhelinl the localThe STI biomass program emphasizes and global interest inl)reserving forests. Lands are stril)ped of trees for 

reforestation, specifically restoring firewood, cItivat ion, an( grazing. Fui rt hermore, the loss encomj: asses 
the one-third of India's area that is far more than local resources; itspawns water al(l willd erosion 
largely unproductive wasteland to iml)overislient of soils; far-flutlg flooding; dlalage to Water-courses,
woodland that can provide fuel, takes, and aquifers; eradication of aniimal and ilant slecies-and, 
materials, and employment to science has now colciuded, ominous changes ill the global clillate. 
villagers, while helping return the Forests are major sinks aid potential sources of carbon dioxide-the 
land to fertility and benefiting the otherwise-harmless gas that iii the atiniosphere acts like the glass in a 
environment at large. greenhouse, admitting solar energy but iilhilbitiiig the return of heat 

from earth to space. 
While tile climatic coiisequelces of global warilling are still 

unclear, odds are thati they wol be )enigin. Everywhere, humtan and 
natural systems are tuiied to tile clinmate tilat prevails. (;rowing forests 
act to soak up carbol dioxide, while burniilg Or decaying wood aug
merits it.Still, the world as a whole isbetter off to the extent that local 
energy comes froi a renewable, self-sustaining source like managed 
forest growth than from inil)orte fossil fuels. 

The indo-United States Science and Technology initiative's
 
Biomlass Programl)ro)oses to hell) steim or reverse forest eradication.
 
While India has vet to approve the program formally, a wide range of
 
cooperative work isal realdv tNderway ill both counutries. Presumably, 
the lessons learnied wi Ilt' apllicable to other regions of the world 
where deforestation isa Irohleil. 

Wasteclttmi 1( \to ,ll 

The program emphasizes reforestation, specifically restoring the one
third of Id ia's area that is largely unproductive wa',teland-overgrazed, 
farmed-out, niined out, arid, salt-caked, or precipitous -to woodland 
that can provide fuel, materials, and employment to villagers, while 
helping return the land to fertility and benefiting the environlment at 
large. The program ai11s to couple the short-term interests of local 
Iolulations to environmental improvement by providing villagers with 
an economic interest in planting and maintaitning woodlands. 



American researchers were surprised to find 
that the eastern cottonwood, a variantof 
America's fast-growing poplar, thrives in 
India s arid, alkali-caked soils. At this 
nurserv in Kahika India, researchers field test 
collonwoods. 

The program aims to couple 
the short-term interests of 

I~v~frt~i.ll(''tlri',s (f .\Iluis' local populations to 
Ill soie cases, the strategy enVisions very long-range payoffs. Much of environmentalimprovement
 
the wasteland in India is the corpflex outcome of centuries of human by providing villagers
 
abuse. Denlded slopes in the m1ountains of northernl India, Nepal, and with an economic interest
 
China, for instance, alnlallV trigger not onlv local erosion blut mnonsoonal
 
flooding il lowland regions hundreds of miles away--often with enor- in p n
 
rous loss of human life. After many decades of repeated flooding, maintainingwoodlands.
 
lowland soils have lecome :-emni-(deserts--salt-cake( hardplans where
 
crops won't grow aril where relentless grazing has damaged the root
systems of even the skiimpy vegetalion that remains.
 

In such instairces, researchers would like to find not ornly trees 
with which to restore imoinla ii slopes but others to help restore the 
soil in the wasted lowlands. A major Component of the program 
involves scouring the world for wo(dy species that can flourish in 
marginal lanls tinsuitable to agriculture. "In most of our projects, 
tradilional methods of forestry don't al)l)ly," says Stanley Krugmnan, a 
plant geneticist witth the United States Forest Service, and leader of the 
United States side of the STI bionass effort. "Our l)rojects are designed 
mostly for disturbed, abused land with low fertility or alkalinity pro
blems. We just Want to get sorelhinig that will grow there, maybe 
something lowly. Then. may)e we can work up." 

At the same lime, planners realize, if these plantings are to be 
preserved or renewed, they murst also be of value to local inhabitants 
by supplying firewood, food, forage, or other henefits. 

http:I~v~frt~i.ll


31
 

A U.S. scientiest runs field tests on 
arid-land plant. 

The Versatile lh¢laj)
oplars promrise vastly A promising candidate for niany areas seems to be the American poplar 

reater output of pulp tree. Inits hundreds Of species and variants, which include the cotton-woods, 

er acre per year than poplars are to be found almost everywLere in the United States-a 

qnventional species do. counltrV that in sheer diversity of climate and soil regimes somewhat 
resembles India. PIoplar is one of the fastest growing of trees; inl average 
soils, with adequate moisture, some specles attain a height of 75 feet in 
eight years. 

Though lightweight, soft, anl not -articularly decay-resistant, 
poplar wood lends itself to many apl)plications from buruiilg to building. 
As firewood, it doesn't produce as mLch heal as heavier woods. Never
theless, since poplar grows so fast, the actual energy prodtctioa from a 
given piece of ground is generally greater than with other species. 

Innoflvtive Slh)rt-r( at)i(n Fo)restry 

Already, India has nunerou5s plantations growing some 300 families of 
American poplar. Many of these provide cuttings for p!antirigs and 
experiments throughout Indlia. The Indian experiments with fast-growing 
poplar have fostered all innovative "short-rotation forestry" that promises 
to find world-wide applications. In this approach, poplar trees are 
harvested at the age of only six to ten years, when the trees are past 
their period of maximui growth. By coitrast, ordinary species com
monly used for pull), such as pines and other conifers generally aren't 
ready for harvesting until they are 15 to 20 years old or more. So, 
poplars promise vastly greater output of pull) per :icre per year than 
convenlional species do. Since wood is a good source of alcohol, fast
growing trees like poplar may over the long term offer promise as a 
renewable substitute for petrolellin fuel. 
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A woman works in mnuifli-purpose nursery 
ill Jodhpur. 

In constlltation with Indian forest experts, a Iiulti-discil)linary team 
from the University of Wasliiigtoii and Washington State Uiversity isseeking 
1o perfect a poIplar-base I short-rotatio forestrv for a)pli cation in the American paper companies 
United States and elsewhere. According to Reinhard Slettler, a p~rofessor are growingpanicky about 
of forestry at the University of Washington, Ainericati paper companies are an emerging scarcity of 
growing paiicky about an eiiern'i ng scarcity of domestic Iniaulp. wood-pl. 
alrea(dy has s'e,vere it)olIp)oOd shortages. So, research on large poplar 
ilitations ill 1)0th c n()itries iln olves identifyiig the fastest-grov,,ilg )o)lar 

species al(l trees anld breeding or cl()ng 1h\'l)rids suitable for short-rotatiol 
forestry ili(l(er various growing conditions. Unlike pines and other con
ifers, l)ol)lars readily leild themselves to clonilng anld lybridizing. 

T)tIrgh Shlrubls from the Airri(call Vst 

Adaptable as it is, poplar is not suiited to sonie of tile titore arid or llollUltailnols 
lands of India. For these, STI researchers from Texas Tech University's Arid 
Lands Institute are trving out sonic of Ihe tough, pesky shrubs from the 
American \Vest. These include inesquile and the salltbush, which, as its 
name implies, can thrive on salt-caked land. At the very least, these 
American "weed-trees" would provide the vital firewood aid fodder that 
Indian villagers anld their nIbiquitons live-stock require. As a cooking 
fnel, saltbush leaves very low ash and has no0 odor. It has b,e successfully 
grown at the village level ill ndia as iart Of a r ral (levelo)lllellt I)roject. 
Various saltbush varieties are I)eing llanled along (hrainage ditches and 
other unl)roductive areas, with villagers being instrucled toItry lifferent 
techni(lues of niaintainiing theni alld of cooking with Ilie wood. 

Aside fron fihe value of these scrub species as sources of fuel 
wood and fodder, researchers hope that over time they will absorb and 
remove the degrading salt, b)reak l) the hardpan soils, supply organic 
enrichment, aid gradually restore lands to the point of stslaining more 
productive trees, grasses, or event crolps. 
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At the Poplar Research Center in Pantnagar, 
neiwly planted seedlings from the United St.ates ., 

ivillserve as hture field plantings. - : , :" 

A Giant N.%w Il(Ilustv\ hIt S ,Q(I Pr(Iti(ti(OJ] 

These inCmlde sal, a soUIrcC of high gra(le Ilmlber, the lovely, spreading 
acacia, and the neem, which, along with lumber, furnishes edible fruit 
and oils. But unlike l)olplars, wlich sprout readily from simple cuttings 

For all the promise in stuck in the ground, many of the native species normally only sprout 

such exotic imports, India from seeds or seedlings. To make much of a dent in the mammoth task 
of reforesting India's plannedstilpins much of its re(luire a gigantic new 12.5 million acres of wasteland willindustry to collect or produce billions of seeds 

reforestation hopes on anl seedlings annually. 
the valuable trees native Furthermore, foresters would ideally like to have these seeds and 
to the region. seedlings cloned from the best individual examples of the best species. 

India has long been a world leader in the tricky techniques of cloning 
plant tiSSue. More than 3() yea rs ago, sLIch institutions as the National 
Botanical Research Institute InLucknow and the National Chemical 
Laboratory at Pune l)ioneered the cloning of courruercially-valuable 
flowers. Since then, they as well as American botanists at Howard and 
other institutions have mastered the more difficult art of cloning woody 
plant tissue, such as fruit-trees. 

Proud as they are of their laboratory successes, the Indians defer to the 
American genius for mass l)rodUction. "We see America's role as helping 
convert that science into a technology," says T. N. Khoshoo, the 
ecologist who formerly headed India's Department of the Environment. 

The Art of (G1i( Indian Trees 

One American laboratory i)ursuing this mission under STI funding 
is Howard University in Washington, D.C., which is cloning Indian trees 
such as neein and acacia as well as other hardy -pecies from Africa's 
Sahel desert. Essentially, the art involves subjecting a few cells flor a 
seed or growing shoot to a )recise combination of hormones and 
nutrients at certain stages of the plant's growth cycle. Then, the culture 
is sterilized and transferred to an artificial growth medium and allowed 
to multil)ly under carefully-controlled conditions of light and temperature 
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ernulating those of the tree's native habitat. At a certain stage, tile 
cloned material may be packaged inside a nutrient cal)sule as a kind of 
artificial seed, plantable like any other. Sometimes, though, the culture 
is incuLbated until it reaches the size of a miniature seedling, at which 
point it is transferred to a nursery and raised as a mother tree from 
which more nursery stock is cloned. 

John Rier, head of the Howard project, says that an advantage of 
the tissue-cloning technique is that it offcrs researchers ol))ortunities to 
improve the species not only by selecting the very best specimens but 
also by transferring to the cloned cells beneficial genes from other 
plants-a adeven from bacteria. These genes might impart such desirable 
(lualities as salt tolerance or resistance to drought, disease, or insects. 
Similar work with poplar tissue is Underway at variou; other labs. 

Social Forostry 

Whatever species is involved, the work of replanting many millions of 
acres per year, as India contemplates, will take enormous manpower 
resources. So, India is sponsoring an innovative "social forestry," to 
give hIundreds of millions of Indian villagers an economic interest in 
planting trees. Indian foresters accidentally discovered, for example, that 
certain crops planted in experimental tree nurseries actually benefited 
from the shade the young trees provided. One resull is that many 
farmers are eager to acquire p)oplar cuttings to plant in their fields. 

The self-appointed iliissions of STI's biomass project-finding 
suitable trees, learning to mass )roduce growing stock, and mobilizing 
millions of people for the planting operatioi -all seem to be essential keys An I I-year-old Indian poplar plantation is 
to the reforestation of India. No doubt, similar apl)roaches will be required proof that this American tree adapts well to 

Indian climate and soils, some specieswhen we finally undertake the vital task of reforesting the world. attaining a height of 75 feet in eight years. 
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