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Integration of Environmental, Agronomic, and 
Economic Aspects of Fertilizer Management 
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Nitrogen fertilization is a substantial source of nitrogen-containing trace gases that have 
both regional and global consequences. In the intensive wheat systems of Mexico, 
typical fertilization practices lead to extremely high fluxes of nitrous oxide (N,O) and nitric 
oxide (NO). In experiments, lower rates of nitrogen fertilizer, applied later in the crop cycle, 
reduced the loss of nitrogen without affecting yield and grain quality. Economic analyses 
projected this alternative practice to save 12 to 17 percent of after-tax profits. A knowl- 
edge-intensive approach to fertilizer management can substitute for higher levels of 
inputs, saving farmers money and reducing environmental costs. 

Agricultural intensification through the  
use of high-yielding crop varieties, chemical 
fertilizers and pesticides, irrigation, and 
mecha~lization-known as the  "Green 
Revolution"-has bee11 responsible for dra- 
matic increases in  grain production in de- 
veloping countries over the  past three de- 
cades. A t  the  same time, inte~lsification has 
had en \~ i ronme~l ta l  consequences such as 
leaching of nitrate and pesticides, and einis- 
sions of environmentally important trace 
gases. W e  e\.aluated the  economic and ag- 
ronomlc consequences, and the  effects o n  N 
trace gas, of fertilizer management III irri- 
gated spring wheat systems in the Yailui 
Vallev. Sonora. Mexico. This reeion is one , , " 
of Mexico's major breadbaskets, so agrlcul- 
tural vroduction and its environine~ltal  
consequences are regionally important. In 
addition, as the  "home" of the  Green Rev- 
o l u t i o ~ ~  for wheat, the  pattern of increasing 
fertilizer use in the  Yaqui Valley pro\~ldes a 
gauge of what is l~kely  to occur in  other 
high-productivity irrigated cereal systems of 
the  de\~eloping world (1 ,  2).  
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Globally, applicatlo~l of fertilizer mtro- 
gen ( N )  has increased rapidly in the  last 
several decades, from 32 Tg  N (32 million 
metric tons) in  1970 to around 80  Tg  in  
1990 ( 1  Tg  = 10" g); it is expected to 
increase to  130 to 150 T g  yearp1 by 2050, 
with two-thlrds of that application in de- 
veloping countries (3).  Among the  conse- 
quences of thls change are increased losses 
of nitrate from soils to freshwater and ma- 
rine systems and of N-containing gases to  
the  atmosphere (4). Fertilized agriculture is 
the  single most important anthropogenic 
source of N 2 0 ,  accounting for o17er 70% of 
the  anthropogenic sources of this accuinu- 
lating greenhouse gas (5, 6) .  Likewise, fer- 
tilizatio~l results in elevated emissions of 
N O ,  a cheinically reactlve gas that regulates 
tropospheric ozone production and is a pre- 
cursor to acid precipitation (7). Research in  
industrialized cou~ltries has shown that 
management practices can be used to  con- 
trol losses of N (6-9). However, nltegrated 
assessments of management alternatives in  
terms of their abllitv to reduce N trace eas 
fluxes and yet be feakible agronomically a71d 
attractive econoinically are wholly lacking. 
W e  carried out such a n  evaluation in the  
Yaqui Valley ( 10).  

Using daily to  weekly sampling frequen- 
cies during the 199411995 and 199511996 

cellular proten w~ th  elther 10 p g  of Yl3-238 or 10 p g  
of Raf-I monoclonal antbody and probed by mmu-  
nobottng for Raf-I or Ras. For assay of Ras-asso- 
clated GSTivlek-1 actlvatlon Ras was mmunopre- 
cpltated from -3 5 mg of cellular proten w~ th  Y13- 
238 (10 pg), washed four tmes w~ th  low-salt buffer, 
and assayed as descrbed (1 7,241 Ras mmunopre- 
clptates were eluted with extractlon buffer (40 pi), 
du ted  w~ th  d u t ~ o n  buffer (160 pl) (171,  and repre- 
clpltated w ~ t h  Raf-1 monoclonal antlbody (2 kg).  
Measurements of Ras-GTP were done as descrbed 
(23). The cells were extracted In medum-salt buffer. 
and protens (-3 mg) were absorbed to bacteraly 
expressed GSTRBD Ras protelns were revealed 
by mmunoblott~ng, In control experiments uslng 
GSTR89LRBD Ras-GTP was not detected (13) 
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wheat cycles, we evaluated changes in soil 
nutrients and eas fluxes before and after fer- - 
tllizer additlolls in  experimental plots at the 
International Maize and \Xiheat Improve- 
ment Center (CIMMYT) fleld station (1 1) .  
Sel'eral exverilnental conditions were stud- 
ied: the con\~entional farmers' practice for 
the vallev, as determined by farm sur\.ev , , 
(12);  three alternative practLces that werb 
based o n  agronomist recommendations and 
that added less fertilizer N or fertilizer later in  
the crop cycle, or both (13);  and a nonfer- 
tilized control. 111 our treatment that simu- 
lated the farmers' practice, 187 kg N/ha of 
urea were applied to dry sods 1 month beore 
planting, followed by preplanting ~rrigation; 
a n  additional 63 kg N/ha of anhydrous am- 
m a ~ l i a  were applied -6 weeks after planting. 

After the soil was wetted by preplanting 
irrigation, ammonium (NH,) levels in- 
creased markedly to over 600 kg/g (weight- 
ed average of bed and furrow positions) and 
then diminished to near zero as the  micro- 
bially mediated process of ~litrification con- 
\~erted N H 4  to nitrate (NO,)  (14, 15) .  By 
the  1994 planting date, 116 kglha of 
NO, -N were left in  the  ton 15 cm of soil. 
with very little remaining in  the  NH, form. 
A similar pattern of transformation and loss 
was e l~ident  In the  199511996 wheat season. 

Changes in N trace gas fluxes mirrored 
changes in the  sol1 pools of inorganic N .  
T h e  farmers' practice resulted in 17ery large 
elllissions of N 2 0  and N O  in both years 
(Fig. I ) ,  w ~ t h  preplanting gas fluxes sum- 
ming to 5.6 and 4.6 kg N/ha in  the  1994/ 
1995 and 199511996 wheat cycles, resuec- 
t~vely ,  and crop cycle fluxes summing to  
6.61 and 11.3 kg Niha, respectively (16, 
17) .  In  the  199411995 study, a17erage fluxes 
at inldday in  the  bed positions (where most 
of the  fertilizer was located) ranged up to  
650 ng cmp2  hourp1 for N,O-N and 300 ng 
cm-2 hour-' for NO-N i n i h e  period before 
planting (15).  111 199511996, which had less 
rainfall during the preplanting period, aver- 
age N,O and N O  fluxes in  the  beds ranged 
up to  100 and 550 ng cm-' hourp1, respec- 
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tively, during the same period (15). These 
values are among the highest ever reported 
(6-8). 

All but one of the alternative practices 
evaluated during the two study years result- 
ed in significant reductions in crop-cycle N 
gas emissions as compared with the farmers' 
practice; the alternative in which 250 k&a 
N were applied, with 33% preplanting, 0% 
at planting, and 67% after planting, lost 
6.93 k&a of N 2 0  plus NO-N, in contrast 
to 6.61 k&a lost in the farmers' practice. 
In both years, the alternative in which 250 
k&a N were added, with 33% at planting 
and 67% after planting, lost at least 50% 
less N gas than the farmers' practice. In the 
"best" alternative with respect to reduced 
N 2 0  and N O  emissions, a total of 180 kg 
N/ha were applied, with 33% at planting 
and 67% 6 weeks afterplanting (Fig. 1). In 
this treatment, total fluxes of N 2 0  and NO, 
summed over the 199511996 wheat cycle, 
were 0.74 kg N/ha. 

The interplay between the timing of fer- 
tilization and irrigation was critical to inor- 
ganic N transformations and gas losses in 
this site. When fertilizer was added to dry 
soils, only very small changes in inorganic 
N concentrations or N gas emissions were 
measured. With irrigation, however, rapid 
conversion of urea to NH, was followed by 
nitrification of NH, to NO,. High losses of 
N 2 0  occurred soon after irrigation, largely 
resulting from denitrification under water- 
logged conditions (18). As the soils dried, 
NO emissions increased, produced during 
nitrification (14). Both N 2 0  and NO emis- 
sions dropped substantially by planting (Fig. 
1) (15), when denitrification apparently 
was limited by a well-aerated soil environ- 
ment and nitrification was limited by the 
low availability of NH,. Process studies 
with 15N-labeled NO, and NH4 confirmed 
these patterns and controls (19). 

Emissions of N 2 0  and NO under the 
farmers' practice were large relative to those 
observed in many other studies. However, 
they represent just two of several important 
pathways by which N can be lost from 
terrestrial ecosystems; others include am- 
monia volatilization, nitrate leaching, and 
dinitrogen gas flux (20). As seen by farmers, 
total loss of N is of more interest than 
specific trace gas losses, as it represents 
wasted fertilizer. To determine the total loss 
of fertilizer N, we applied 15N-labeled urea 
(in place of the fertilizer) in isolated plots 
that were otherwise treated like the exper- 
imental plots; at the end of the crop cycle, 
the isolated plots were harvested and 15N 
recovery in soil and plant components was 
measured (21 ). In the farmers' practice and 
in our best alternative, proportional recov- 
ery of the applied N in plants was 46 and 
57%, respectively, and recovery in soil to a 

meter depth was 26 and 16%, respectively. 
Because less N was added in the alternative 
(180 kgha), quantitatively less N was lost 
than in the farmers' practice (48 k&a lost 
in the alternative versus 70 k&a in the 
farmers' practice). 

Fertilizer use and loss are just one com- 
ponent of farm budgets, and farmers typi- 
cally focus not only on costs but on the 
balance between costs and expected income 
under some degree of price and production 
uncertainty. For wheat farmers in the Yaqui 
Valley, yield of good-quality wheat provides 
the essential income. Yields reported in our 
socioeconomic surveys in 199411995 and 
199511996 ranged from 3.1 to 7.3 tonsha, 
with average values of 4.9 and 5.3 tonsha 
for the two seasons, respectively (1 2). Mean 
yields in our simulated farmer practice were 
6.08 ? 0.18 and 6.07 ? 0.28 tonsha in 
199411995 and 199511996, respectively 
(22). Our best alternative, in which 180 kg 
N/ha were added as compared with 250 kg 
N/ha in the farmers' practice, resulted in 
yields that were not significantly different 
(6.16 ? 1.3 tonsha). Likewise, grain qual- 

Fig. 1. Changes in the emissions of N,O and NO 
from the soil surface in the farmers' practice over 
the 1 994/1995 (in blue) and 1995/1996 (in red) 
wheat cycles, and for the best alternative (in 
green) in the 1995/1996 wheat cycle. Values are 
the area-weighted means (pg N m-2 hour-'), on 
the basis of measurements taken in bed and fur- 
row positions (75, 26). (A) N20-N emissions. (B) 
NO-N emissions. Fertilizer applications in the dif- 
ferent treatments and years are indicated by ar- 
rows (color-coded to match the flux data). For 
details on fluxes by field position, standard errors, 
and information on the timing of irrigation, plant- 
ing, and harvest, see (15). 

ity (estimated as the protein concentration 
in grain) in the alternative was not signifi- 
cantly different from the farmers' practice 
(14.87 versus 14.83%, respectively) (22). 

As in many high-productivity agricultur- 
al systems of the developing world, the dis- 
semination of Green Revolution technolo- 
gies initially provided farmers in the Yaqui 
Vallev with modem seed varieties and hieh- - 
1y subsidized N fertilizers.. In recent years, 
however, the reduction of subsidies (in real 
terms) has been dramatic (23). Our eco- 
nomic analysis of farmers' costs and returns 
for both 199411995 and 199511996 wheat 
seasons indicates that fertilization has now 
become the highest direct production cost 
in the Yaqui Valley farm budgets (Table 1). 
During the 2 years of our study, fertilization , 
exceeded even the costs of land prepara- 
tion. which traditionallv have re~resented 
the largest cost category in this highly 
mechanized system; just 5 years ago, the 
cost of land preparation was 50% higher 
than that of fertilization (2). 

Given the importance of fertilizer in the 
Yaqui Valley farm budgets, we evaluated the 
extent to which increased fertilizer efficiency 
represented a significant budgetary savings 
to the farmers (15). In contrasting the farm- 
ers' practice with our best alternative,, we 
found that the alternative resulted in a sav- 
ings of new pesos (N$) 414 to N$571/ha, or 
U.S.$55 to U.S.$76/ha at then-existine ex- 
change rates. ~ h e s d  values, which resilted 
from lower fertilizer applications and reduced 

Table 1. Costs and returns for the 1994/1995 and 
1995/1996 wheat cycles. Data were collected 
during on-farm surveys (72). 

Factors 
(N$/haY 

1994/1995 1995/1996 

costs 
Land preparation 342 345 
Planting 248 369 
Fertilization 51 9 1041 
Irrigation 96 300 
Insect and weed 177 238 

control 
Harvest 1 56 454 
Other costst 1710 1560 
Total 3248 4307 

Returns 
Gross revenue from 4294 8450 

yield (pre-income 
tax) 

Profit 
Returns to 1046 341 3 

management 
(after income tax) 

'Costs, returns, and profits are shown in new pesos (N$) 
per hectare (current prices). The average exchange rates 
were N$3.2iU.S.$ in 1994, N$5.58N.S.$ in 1995, 
N$7.55/U.S.$ in 1996. tother costs include interest 
on credit, crop insurance, salary of the field manager, 
independent technical assistance, producer's organiza- 
tion fees, land rental, and taxes and subsidies (25). 
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loss of fert111:er. \\ere enulvale~lt to 12  to 
17% savlngs of after-tax profits from 
n~lieat farming in the  Y ~ C ~ L I I  Valley. Such 
potential cost sa\-ings ma\- cox.er time in- 
duce a shift in  technology and  manage- 
ment  toward fertillzatlon later in  the  
wheat cycle; ~ n d e e d ,  our on-going surveys 
indic,lte t l i ~ t  some farmers ,Ire now post- 
pomng tlieir first fertilizer a p p l ~ c a t l o ~ l  un- 
t11 planting. However, farmers may also 
face greater risks of 10~1- \ -~elds  ~ ~ i t h  our 
best alternative, particularly in ye~lrs n-hen 
late rains delay the  second fertilizer appli- 
cation beyond the  point of optinla1 plant 
response (24).  T h e  illlportance of such 
r e d  or perceived risks, and the  develop- 
ment  of recom~nendatiolls that  are sensi- 
tive to them,  are topics of our current 
research. 

Our  results demonstrate that alternatil-e 
fertilizer practices call reduce trace gas 
and total losses of fertilizer and maintain 
yields. These alternatives, which require 
greater kno~vledge about efficient use of 
nutrients, can substitute f ~ > r  liigher levels of 
those inputs and miglit ~lltimately allow 
Yaclui Valley farmers to remain competitive 
in a n  era of economic 1iberali:ation and 
expanding free trade. A t  the  same time, 
thev reduce the  environmental costs of air- 
sicliltuse, some of which are directly felt ;; 
the  Yacl~~i  Valley, and others of u-hich are 
globally important. A n  integrat~on of agro- 
nomic knou-ledge of practical alternatives, 
economic analvsis of their on-farm costs 
and benefits, and biogeochemical analysis 
of t h e ~ r  consequences 111 solls and tlie at- 
mcsphere can provlde the  basis f ~ > r  the 
ldelltification or development of n-in-~vin 
solutions. 
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izrriie,-s przctce 1 2 3  k g 4 a  N, \o~ti' i5"6 apcecl as 
~.rea-Y 1 1ii01't'i before p a r t n g  OCc at plai t  ng and 
2500 as al-liydrous a ~ 1 n o i 1 2 - N  1 no r th  after pant- 
I -g,  des~grated as 75-0-251, and alternatves ti'at 
aaped  250 kg ha U ier tzer  at 33-2-67 a i d  82-33. 
E7 allocat~ol-s Urea \(/as accl~ecl 11 the beds ard  
21-tiyclrous amqiora was ir~bir led i t o  r rgat  on Lva- 
ter 11 the furrows. A plots recelved d e i t ~ c a  a i d  
preparat~oi, rrlgzt on, t lage Zest co i t r o  alantlng. 
21d iawest l ig iurro~;! rrgzt loi  \(/as carrled out 
\ o ~ t i  n se\jeral clays aiter areaizntng 'erii zzt  o r  2s a 
boeed-co~-trol strztegy tw ce ater p a r t  ng I -  1995 
I%E, e x p e ~ ~ e n t a l  plots were 22 r by 27 11, al-d 
treatmeits il-cluded t i e  i on fe~ i~ l zed  col-trol, ti'e 
izrnier cractce 1250 Ikg l a  at 75-12-23 as clescrbed 
abotiel, 3ne alterrat \ve t i a t  aaaied 252 Ikg l a  U at 
82-33-67 arc1 anctiier that applied 182 icg 112 at 
2-32-67, 

1L. 1 1  I trfcaton, UH, 1s ox dzed to UC, ~11-cler aerobc 
co id i t ~o i s ;  both UC 21-d U,O can be procl~cec as 
by-products, but UO I S  typeally doqirant.  

15. Supplementar: ~nater~zl  1s a\ja~lable at \\!fibf/. 

sceicernag.org'fezt~~re data:975726,sIil. 
1 E, lr5!e est~nated gzs e i i s sons  for 24-'lour perocls by 

~ n ~ ~ t p l y i g  the area-boe~ghtecl mean fluxes ) ig em-, 
hour-.: irom iiezsurerlients taken d~ , rng  the r l id- 
day perocl !IS) by an equaton that matiemat~czlly 
represents tile average d e  ?r~r iatol i  based on Inez- 
surements o i  gas i l ~ x e s  over 24 Pours car,-lei1 o ~ , t  

dfferent tlmes clur~ig the crop cycle. Cay  f l ~~xes  
ior nonsaiipled days \(/ere est~rliated as 2 near  
f ~ ~ n c t o i  cf ttie 2L-hour fluxes sn the pre t io~ ls  ancl 
subseq~~e i t  szlnplng elates D a y  ilux est~mates 
were t l ie i  s~~~n r l i ec l  t i e  perocl f ro~n irst  f e r i -  
z a t o i  ts p a r i n g  (ti'e p re l j a r t i g  i l ~ ~ x )  a i d  i rst  f e d -  
z a t s i  to hawest (tlie crsp c;ce flux:, cs i t r o  \values 
were subtracted i r s i i  t reat i ie i t  tflalues. 

17 111 ttie 1995 I99E ~vlieat season, -1 25 lkg ha, rather 
than 62.5 k g h a  N, were m stakel-y app eii by com- 
rlierc~zl app cators at t i e  postpa i t  r g  i e r t za t~o r  r 
the farmers lpractce; thus, ti's t rezt~neit  receved 
31 2 5 lkg Iia otier the el-tlre cycle Therefcre, the 
lpostpla~-tng i ux  I -  t l i s  ste may be hgtier t ha i  s 
typ~cal for fzriiers i~elcls. 

18 Del - t r~ ica to i  s tlie m c r o b 2  reducton of NC, to 
Y, Y,O, or YO ~,ncler anaeroirlc conc11t101-s, UI-6er 
feel condtlors YO 1s rarely e i i t ted  

19 P~ I -ek  aicl P A. Matson, n precarztlon 
2C Arl imoi z tflolatl zat~or and I-~t'ate leacl i~ig both 

traisport U ireth/eel- systelns a i d  hatje rncoriart 
consequel-ces ior other ecos;,stems tliese loss 
aati'~va;s are be ng iieasured 11 t ' i s  s t ~ ~ d y  21d 1;!1Il 

be ~recoried n later ~ ~ b c a t ~ o n s  
21 '5L la t~e led Jrea ,(/as aclded to repczted 1 m by 

1.5 m plots (soated n t h  hewy plast~c to 1 ii I -  

dept i)  to s ~ m ~ l z t e  tlie three 1995 159E fe~;Izer 
treatriiel-ts At liarvest tme,  the soatecl plots \(/ere 
~ i a ~ ~ e s t e c l  by tior~zor do>t,i to a Teter I -  depth a i d  
"N recot3e,y n plaits s o  orgznc ~natter mcl-obal 
b~o i iass .  N H  21-el WO, \(/ere iieasurec. as de- 
scr beel P A ivlatsor, P Ivl V~to~,sek, J J Ewe1 
P,4 J ,  Ivlzzzar~io, G P Robertson, Ecolog/ 68 491 
(1 587) 

22 ~ 2 ~ 2 1 i  y e d s  \(/ere estmatecl as weglit o i  gra I (at 
12"0 ~nos t~ . re l  after iawest w~ th  a piot co lnbre  To 
determre g r a i  q ~ l a t y  meas~red total N co r -  
cei traton iry <jelclz~i c lgestoi  a i d  .iiuItaled tlie 
i ' a l ~ e  by 5 82 to est mate p ro te i  conceitrzt on 

23 11 1991 ttie \oorId crlce fol-ferizer !;!as 31 greater 
ti 'ai the do~nest~c prlce ~ ~ i c l ~ ~ c l ~ n g  tral-scortat~ol- 
costs,; iry 1995, t t is prce d s t o r i o i  had ialer to 6 C ~  
[A. P~,er te  ~ ~ n p ~ ~ t l s l i e d  data] 

24 B Avaos, t ' iess, Staiiord Unt'ers~ty, Stznford, CA 
11997) I Ort~z-lvlol-aster10 u i p ~ t ~ l ~ s h e d  data 

25 Tlie 1-9  rect cost of nterest o i  credit-~nuci‘ of t 
exaended o r  ierizer-exceecled drect ie r iza t  o i  
expenses 11- ;tie 1994 1995 season wl ie i  macro- 
e c o i o ~ ~ c  coc;, icuc111-g a 1 ~ 2 O o ~  det ia~.a tor  o i  
t i e  PAexczn peso, caused endng rztes i o ~  izr,ners 
11 tlie t'ale; to rse  f ro~n I 6  to 77% per a i iL l  ii ~ L I ~ I I - g  
tvie 6 - ~ o n t h  !;!lieat cycle. As iterests rates i e  to 
SCo cer aniurli at t i e  e i d  of t i e  1995 1996 sea- 
so l ,  iert11zat101- beczqie tlie ~ I I - g l e  most ~npor tz i t  
cost comeoneit 11 tlie e i t r e  ir~.clget. Ro~ghly  50Cb 
o i  the iarmers 11 the 1595 195E suwey (72: obta11-ec1 
credt I U.S dollars at liCo cer airL.11 ~vtv i  tlie 
agreemeit o i  seIl11-g tl ie~r o u t p ~ t  r U S dollars 
tl iro~,gti export cortracts 

26 Gzs sz~nples were collected ~.!ltIi tboo-pece 9 t e r  
chambers as descrbecl 18 U~tro~,s  oxde n a s  21-2- 
yzed v,~th a Sl i lq iadz~ l i A  gzs chrol-iatograah 
Model 2 c o i i l g ~ e d  bo~tli 21- electron caatL,re detec- 
tor as ciescrired [A. R PAoser arc1 L ivlack S3r/ Sct. 
Soc. A!n. J. 44, 11 21 (198'21. Staiclzrds (0 1 2.5 
and 1.0 parts per r l l ~ o i  Scott Research Lairorzto- 
r:, Plu i i ~ t e z d ~ i  e ,  PA  bracketeel ever)' 12 to 2C 
sai iaes. Coeffcents of tiariator of ti'e staicia~ds 
were .=I F l~~xes  were ~2cJIa ted as descrbecl 181. 
P,4 im~, i i  detectzire '11.x \(/as 0.1 ng em-, Iiour ' . 
l r 5 !  t l i ~ i  1 lour  precedig or ater s z i i p i g  i o ~  L,C 
UO was ~neasurecl in tlie sz i ie  rngs l;!iti a Scntrex 
LivlA-2 c l i e i i i o l ~~m~ iesce~ce  detector i i o d ~ f ~ e d  for 
f~elcl ~neas~ren-e i ts :  methods are presented 11 deta~l 
I- PAatson e' a/. (8: ancl E. A. Eatiidsor e' a/. :J. 
Gsoni-.ys. 4es. 96, 1 5 4 9  (1 991 1 .  Staidard cJr.es 
: ~ v t h  d u t  on of a '2.1 p l j l r i  staidzrd were rL11- n the 
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field before and after sets of 10 to 20 gas measure- 
ments. Minimum detectable flux was -0.05 ng 
cm-2 hour-'. 
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Induction of Lens Differen tiation by Activation 
of a bZlP Transcription Factor, L-Maf 

crystallin promoter (-244 to +89) linked to 
a luciferase gene (Fig. 3A). Cotransfection of 
an L-Maf expression plasmid (pEFX-L-Maf ) 
and the reporter into chick embryonic lens 
cell cultures (4, 11) resulted in luciferase Hajime Ogino and Kunio Yasuda* . ,  . 
activity 10 times that caused by transfection 
with a control plasmid (pEFX) (12). Re- 
placement of the aCE2 sequence, located in 
the promoter region between base pairs 
- 119 and -99, with a Bam HI linker abol- 
ished this response, indicating that L-Maf 
activation occurs through the aCE2 se- 

After the vertebrate lens is induced from head ectoderrn, lens-specific genes are ex- 
pressed. Transcriptional regulation of the lens-specific aA-crystallin gene is controlled 
by an enhancer element, aCE2. A gene encoding an aCE2-binding protein, L-maf 
(lens-specific maf), was isolated. L-maf expression is initiated in the lens placode and 
is restricted to lens cells. The gene product L-Maf regulates the expression of multiple 
genes expressed in the lens, and ectopic expression of this transcription factor converts 
chick embryonic ectodermal cells and cultured cells into lens fibers. Thus, vertebrate lens 
induction and differentiation can be triggered by the activation of L-Maf. 

quence. Efficient transactivation of the a A -  
crystallin promoter by L-Maf was also ob- 
served in chick neural retina cell cultures. In 
addition. activation was observed when L- 
Maf was overexpressed in lung cultures; oth- 
erwise, activity of the aA-crystallin promot- D u r i n g  development, the vertebrate lens is tected in the lens  laco ode at stage 11. when 

u ,  

the head ectoderm makes contact with the 
optic vesicle (Fig. 1B). The  expression re- 

induced upon contact between the pre- 
s u m ~ t i v e  retina and head ectoderm (1 ). . . 
Differentiation of the ectoderm into lens 
cells is accompanied by the specific up- 

mains restricted to the invaginating lens 
placode (stage 13, Fig. 1, C and D), and 
subsequently to  the developing lens vesicle 
(stage 15, Fig. 1, E and F), where localized 
transcription of the aA-crystallin gene later 
occurs (stage 18, Fig. 1G). Early expression 
of this factor in the lens placode preceded 

regulation of crystallin gene transcription 
(2). W e  previously identified a lens-specific 
enhancer element, termed aCE2, in the 
chicken aA-crystallin promoter (3, 4). The  
aCE2 sequence, located 100 base pairs up- 
stream of the transcription start site, repre- 
sents a lens-specific enhancer element that 

the induction of the 61-crystallin gene, one 
of the earliest lens markers. 

Full-length cDNA was obtained and the 
sequence was determined. A single open 

is conserved in the regulatory regions of 
many crystallin genes (5). T h e  integrity of 
this aCE2 sequence to direct lens-specific 
transcri~tion has been demonstrated in 

reading frame encoding 286 amino acids 
~red ic ted  a ~ u t a t i v e  transcri~tion factor 

both cell culture and transgenic mouse 
ex~eriments. 

Evith a bZIP i o t i f  and additio;al sequences 
characteristic of the maf proto-oncogene 
family (Fig. 2A). Thus, we named this pro- 
tein L-Maf (lens-specific Maf). The  gene 

T o  identify a factor or factors that bind 
to the aCE2 seauence and are ex~ressed 
during the formation of the lens, we 
screened an expression library prepared 
from chick embryonic lens with oligonucle- 
otide probes encoding the aCE2 sequence 
(6). Positive cDNA clones were classified 
by their patterns of tissue distribution. 
Northern (RNA) blot analysis of 8-day-old 
chick embryonic tissues revealed a 3.6-kb 
mRNA that was ex~ressed almost exclu- 

product, which represents a previously un- 
described member of the family, can be 
classified with the large Maf subfamily in- 
cluding MafB, c-Maf, and NRL (Fig. 2B) 
rather than with the small Mafs such as 
MafK, MafF, and M a G  (8). L-Maf most 
closelv resembles MafBIKreisler. which has 

Fig. 1. Restricted expression of L-maf mRNA in 
the lens. (A) Northern blot analysis of mRNAsfrom 
8-day-old chick embryonic tissues, including lens, 
neural retina, brain, lung, and heart tissues. In 
each lane, 10 kg of total RNA was blotted and 
hybridized with a randomly primed probe for L- 
maf(3.6 kb) or P-actin cDNAs. (B to G) Expression 
of L-maf during chick lens development. L-maf 
expression was analyzed by whole mount in situ 
hybridization from stages 11 to 18. Frontal views 
of embryos hybridized with antisense L-maf 
probes are shown for stages 11 (B), 13 (C), and 15 
(E); coronal sections through the lens placodes 
are shown for stages 13 (D) and 15 (F). A lateral 
view of embryos at stage 18 (G) shows expression 
of L-maf and a A-crystallin. 

been shown to be involved in segmentation 
of the hindbrain (9).  Members of the large 

sively in  the lens, with very weak expression 
in the brain (Fig. 1A). The  spatial and 

~, - 
Maf family are expressed in the lens of the 
rat, mouse, chick, Xenopw, and zebrafish 
(10). Interestingly, mafB and c-maf or L- 
maf are detected in the lens e~i thel ial  and 

temporal patterns of expression were exam- 
ined bv whole-mount in situ hybridization 
analyses (7). The  transcripts were first de- fiber cells, respectively, of the rat and 

Xenopus. 
Graduate School of Biological Sciences, Nara Institute of 
Science and Technoloav. 891 6-5 Takavama. lkoma 630- We next tested the ability of L-Maf to 

-, , 
0101, Japan. control transcription in transfection assays 
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kyasuda@bs.aist-nara.ac.jp reporter construct encoding the chick a A -  
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