Chapter 11
Nitrogen Fixation and Assimilation

David A. Lightfoot

Abstract New crop plants suited to grow in semiarid environments will be funda-
mental to the future of agriculture. The interactions between nitrogen supply and
water availability that determine yield and quality in crops grown in semiarid
environments are being elucidated. Tools for analyzing the metabolic changes
associated with enhanced nitrogen assimilation under drought have been generated.
Here is summarized the crop and other plants that have altered NUE, yield
performances, and metabolic profiles caused by in planta expression of 31 different
transgenes generated in the past two decades. The change in nitrogen concentration
has profound effects on plant metabolisms. The metabolic changes resulted in
phenotypic changes that included increases in mean plant biomass production in
dry soils, tolerance to the herbicide phosphinothricin, tolerance to both severe and
mild water deficit, and resistance to rotting necrotrophs. Leaves, and grain had
higher nutritional value and higher yield, indicating improved NUE and WUE by
some of the transgenes. Therefore, in view of global climate change, continued
efforts to alter nitrogen fixation and assimilation by transgenesis and mutation
should be pursued through technology stacking.

11.1 Introduction

Nitrogen is an essential component in cellular physiology with only oxygen,
carbon, and hydrogen being more abundant (Marchner 1995; Andrews et al.
2004). Nitrogen is present in numerous essential compounds including nucleoside
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phosphates and amino acids that form the building blocks of nucleic acids and
proteins, respectively. In plants, nitrogen is used in large amounts in photosynthetic
pigments, defense chemicals, and structural compounds. However, inorganic N is
difficult to assimilate. Dinitrogen in the atmosphere is very inert. Reduction to
ammonium requires the energy of a lightning bolt and two adenosine triphosphates
(ATPs) or energy from petrochemicals or 12 ATP dephosphorylations per molecule
within a nodule or other anaerobic environment. However, these ammonium
fertilizers are prone to escape from the cell as ammonia gas. Photorespiration
releases tenfold more ammonium than is assimilated from the environment and
plants only re-assimilate 98 % of it. Consequently, a haze of ammonia gas is found
floating above a photosynthetic canopy. That ammonia may be lost on the wind or
returned to the plant or soil by rains or dew falls. Any improvements to these
nitrogen cycles (Table 11.1; Tercé-Laforgue et al. 2004a,b; Seebauer et al. 2010;
de Carvalho et al. 2011) can have a massive positive impact on the efficiency of
agriculture, reduce its carbon footprint, and over geological time scales reverse
some of the anthropogenic contributors to global warming.

The assimilation of ammonium has a second major problem associated with it.
Ammonia is assimilated releasing one acidic proton per molecule (Marchner 1995).
There is enough flux to reduce the pH of even well-buffered soils to concentrations
that inhibit plant growth, both directly and by the release of toxic concentrations of
micronutrients (Al and Mn in particular). Reduction within a nodule or other
anaerobic environment compounds this problem by releasing two protons per
ammonium produced (Indrasumunar et al. 2011, 2012). Soil acidification is a
worldwide problem on a massive scale.

Nitrates and nitrites provide a solution to the acidification problem, as their
reduction to ammonium absorbs 3—4 protons (Marchner 1995). So a pH-balanced
fertilizer should theoretically be a 4 to 1 mixture of ammonium and nitrates.
Nitrates and nitrites are the ions produced by those lightning bolts that provide
about 10 % of the world’s reduced nitrogen a year. However, they are not without
costs and problems. Nitrite is highly toxic to photosynthesis and respiration and so
must be immediately reduced to ammonium. Plants produce massive amounts of
nitrite reductase for this purpose. Nitrate is benign, easy to store and transport, and
consequently is the major form of inorganic N found in plants. However, plants still
produce tenfold more nitrate reductase than is absolutely needed for assimilation,
growth, and yield (Kleinhofs et al. 1980; Wang et al. 2012). Why? That is still
unclear.

The major problem with nitrates in the environment is that they are water soluble
and so rapidly leached from soils (Lee and Nielsen 1987; David et al. 1997). So
much is lost from agricultural soils, industrial activity, and human waste treatments
that the world’s rivers, lakes, and oceans are significantly fertilized (Cherfas 1990;
Burkholder et al. 1992). The algae are the microorganisms that benefit the most.
Unfortunately, they run low on other nutrients (P, K) and so produce toxins to kill
other organisms to obtain the limiting nutrients by their decomposition. In addition,
they absorb much of the water’s oxygen (at night) killing even toxin-resistant



Nitrogen Fixation and Assimilation 397

11

(panunuod)

(1102 ‘8007)

‘Ie 19 vidnn ANN pasealou] xput "5 19n sow 7
(1102 *80027) stoodsuen
‘Te 19 vidno ANN Ppasea1ou] sowt 7 L19vd pupyvyl 'y wnuowwe—J Y
(1002) uone[nuINdoe
‘Te 19 Tyseyeye], LU 1oySTy KITANOE YIN 1OYSTH pubivyl 'y SSE AINED DaoD.12]0 "°§
QOURIYJIP
(L661) Te 10 101D o1dAjouayd ou ‘ArAnoe YIN pasearou] punipyl "y SGE AINBD wnoogol "N
QOUQIYJIP
(L661) Te 19 21D ordKjouayd ou ‘Ayranoe YIN pasearou]  pvrofiursvquinid N SGE AINEBD wnoogol "N 9SBIONPAI ALIIU—YIN
(2002
‘[e 10 Queuuelq S[OAQ] AJRIIU PAONPAY wnso.aqnj -§ SSE AINEBD wnopgpy N 7 WI0JOSI 9SBIONPAL AeNIU—YN
(8002)
‘[& 39 119BSSno uonewiI| N s pRIf ‘gNN poaoiduy st -7 L19vd “ds vakydiog
(0s61)
‘T2 1240 (0861) Aranoe
‘Te 19 syoyurary| AN Jo % 01 1snl yim ‘adKjouayd oN supdna gy uonenw SINN SuUp3na g
(#007) Te 12 ®oT A[ddns orentu ysry ur uoneNWNIOR AININ  piofiursvqunid *N SGE AINBD wnovqoy *N
K)IATIISUQS
(6661) ‘Te 19 snImn) QJRIOYD ‘JUAIUOD JLIIU PAONPIY paups 7 SSE AINED wnovgoy N
(8661) $sans
‘[e 10 AIIN-OLRIID]  JYSNOoIp ‘ssewolq ‘AJIA1OR YN PIseaIdu] wnovgny N SGE AINBD  profiurdvquunyd N ] WLIOJOST 9SL1ONpal A1enIu—yN
(1661) ayooqe) jdurosuen) YN ur aSueyd ou ‘AJIAToe
pue zjuoourp  pue urdjord YN ur doip pjojInoj oy -oaIyJ,
(0002) SUONIPUOD qjox 7 Ioyodsuen
LRERGINIAS | N MO[ Jopun Xnjjul dJes}Iu PaseaIdu| wnovgny N ‘SGE AINBD  prjofuundvquinyd *N reniu Auyje-ysSiy—ri gHUN
wLI0§ padnpul dy) Jou Ing 1 1o10dsuen
(6661) Te 1@ NI oyeidn 91enIU SATININISUOD UT ASBAIOU] puvypyl 'y SSE AINED puvypyl 'y reniu Augje-ysSiy—ri 1N
paarasqo adAjouayq juerd joS1e], (s)Iojowoig 90IN0S QUAD) Ioquinu

J[o[[e Juenwy/3ofered pue Juan)

(6007 1001Y31T $800T 'T¢ 30 eured

woij pajdepe) wisijoqelawr N A1epuodss pue ‘souad uneqruasse N Arewnd 1odsuen N ‘uonexy N U0 $109JJ9 M SQUI] JUeINW pue J1ud3sues) pajod[ds 1T dqel



D.A. Lightfoot

398

(6661) urejord 2[qn[os (€10}
‘[& 19 opIe[[en) 1&ydoioqyo Jea[ ‘arer yymoi3 paoueyuyg “ds snpndog SGE AINEBD S1US2A)AS
(€007) 'Te 10 zareng surojoid Jes| pue ssewolq IoYSIH spowodpl 7 SSE AINBD pauDs "W
(€007) Te 19 194 N uefd-o[oym ur a3ueyd ON wnanos “d SSE AIWED Your "5
(2002) STOAQ[ BIUOWILIE
‘[® 19 BIRAIQ ‘urajoxd o[qnjos-Jes] ‘Yimol3 pasuryug wnovgny "N SSE AINED paups " q
(1002) ‘Te 19 ®3911Q K)IATIOR SO UI ASBAIOUT ON pauDs "W SSE AINED xpuwi "5
#861) Te 12 uuog 90UBIJ[0) JPIOIGISH wnonqy N SSE AINED pauDs "W
(1000
‘[& 19 sajuang uoneAle)s N Jopun yimoid paoueyuyg wnovgny "N SSE AINED payvs W
(1002) uoSonu
‘Te 30 yseqeH Jre[nwnode o) Ajoeded pooueyuyg WnAaSay “ J 10SS 29y SLDSNA g
(6661)
‘[e 19 TwrewI| SSeWwoIq Ul 9seaIdo snowodpl ] qio: xpui "5
(L661)
‘[B 19 JUADUIA Q0UQDSAUDS PAJRIAIIY SmpIMOILOD ] SSE AINED xput "D
(0661)
‘[e 39 uowoH Q0UBIS0) APIOIQIAY PIsLAIOU] wnovgy "N SSE AINVD supSma g
(0661) BLIPUOYO0)TW ased LV.LIN JseIQUIUAS durwreln|3
‘[e 39 uowsy ur §O J[qNJOSUI ‘PAIQIYUT YIMOID) wnongvy N - :1SGE AINVD supSma g J1[0S0}A0—]SD
ISeYIUAS
(2002) Srewre)n|3 juopuadop
‘[& 10 KI9J\-OLIRLID] uone[Iuisse SN Ul saueyd [ewrniq wnonqy N\ SSE AINED wnovgny "N -UIXOPALIRJ—1VOOD-PA
(0007) 'Te 12 9331 arer yymoiI3 paonpar uorssarddns-oD) wnoogoy "N SGE AINEBD pAyDS "
(0002) 'Te 12 933N qre1 YImoI3 paoueyuyg wnongvy ‘N 1NSS 29y wnoogol "N
(0002)
‘[e 19 BPIYSOH  9oue1d[o) Jjes ‘uoneridsarojoyd pasueyuyg palDS " SSE AINED paDS "
(9661) uoneprxoojoyd 0] 90UBISISAT PAsBAIOUT asejoyjuAs aurwein|3
eqOYR ], pUe IeZOY pue Aoedes uonendsalojoyd posoiduy wnovgny "N SSE AINED pauDs "0 onserdoIo[yo—gSH
paArasqo adAjouayq juerd joS1e], (s)1010wW01g 90IN0S QUAD) Joquunu

J[9[e JueInw/3orered pue Juan

(ponunuoo) Y AqeL,



399

Nitrogen Fixation and Assimilation

11

(ponunjuod)

(0102) 'Te 19 019V
(L00T “5007)
epIY] pue exesry|

(6002)

IO[[TA pue IpIuyds

(6002)
IS[[TA pue Ipruyds
(paystiqndun)

1001431
(6661)

Te 39 1001331 ]
(L00D)

Te 19 J00JY31']
(6661)

Te 32 1003431
(9002 “5002)

‘Te 30 m3unjy
(0002)

‘Te 19 dueIZowy
(0002)

RRER pRllielipIN
(2002)

‘Te 12 eAewe x

(6007) e 10 18D

(6007) T8 12 1D

N STy y1m praik pue
QuIu0d uagonIu ‘Jy3rom AIp ur asearouf

SUOIIBI)UIIUOD PIOE OUTWE JOYSTH
SSBUIOIq PAseaIou]

SSBWOIq PaseaIou]
QOURIS[O)

9pIOIQIAY PUE SSBUIOI PISEAIOU]
SpIOe ourwe

‘SSBWIOIq UTRIS ‘00URIo[0) SPIOIQIOH
JudluOod IB3NS pue

‘SSBUWIONQ ‘UOTJR[IWISSE N PISeaIou]

JUUOD Ie3Ns pue pPIok OUIY
AdUeIZ[0]
SpIGIY ‘HNM ‘NN ‘Uone[IuIsse N

9N[eA [RUOTILINU ‘SSBWOI] PISLAIOU]
Jy3rom AIp

PISBAIOUI “JUAUOD N pUe ) [810} 1Y
JyIrom

urel3 pasearoul ‘ul[y ureld paoueyuyg
JUSIUOD PIOB OUIWE PUE P[AIA Pas

£90URI9[0] JYSNOIP pPuE P[Od “J[es PIseIdd
JuLIUO0d udFonIu

pue ‘sproe ourure ‘urajoid pasearoug

paAyDS "
WnuaNIsSa ]
sdowt 7
wWnasan " [

puvypyl 'y

s 7

wnovgny "N
paups "W
paups "
paups "0

panDs O

SSE AINEBD

SSE AINEBD

SSE AINEBD

SCE AINED

SCE AINED

19050

SSE AINED

SCE AINED

SCE AINED

SCE AINED

SSE AINED

4231 "y
suvpi "y
DUDIULYOLOS "))
DUDIULYOLOS * )

nos"q

1702°q

1024
payvs "W
payps *Q

1024

panps

juopuadop

HddVN [elqoiomu
Vyp3 soseua3orpAyap

rewreIn[S—HAO

ASBYIUAS
Srewre)n|3 juopuadop

"HAVN-LVOOD-HAVN



D.A. Lightfoot

jueInW [N

(sse[d Y.Ld)

(8002) sjueINW Ul 0UBISISAI X SIA ‘Poos Ul yodsuen opndado3ijo
‘Te 10 10319qa2uyds urdjold pue ssewolq ‘GN pPasearoug pubvyl "y SSE AINED puvyvyl 'y juapuadop-uojord—1,0d
juojuod urold pue ‘N ‘S 1oseowrad
(0107) ‘Te1o URl,  ‘IoQWNU pIds pue yimois juejd pasearoug wnanvs “ g 1dvV DIS142.12D S QuruoTIOWAYIOW-S—T JININ
(6002) ‘Te 12 uosioq PIoIA pue FNON paseaIou sdowt "7 L19VY sdowt 7
HAN paseadur puvvyl 'y L19vyd punipyl "y
(8661) Jue)SIsal
‘Te 19 12Zn10) Jleurey ‘pAOUBRYUD JO PAIQIYUI Y)MOID) pubipyl "y sjueInA pubvyl "y s10)dooar djeweInS—ynnL
Kouaroyjo
oyeidn uoSonTu pasearour 3unesrpur
9uoju0d UdFoNIU 810} PUB ‘SAI[OqeIoW
PIoIA ure1d ‘SSewlorq paseaIour N S$S99XH pALDS O LINVSO
AN pasearouf 10]021q °§
(LO0Y) 'Te 12 poon 19Z1[1119] N SS9 9%()S O3 JUBISUOD SP[AI X sndpvu g 97319 SLIDSMA "ff  9SEIQJSUBRIOUIWE dUIUB[e—[ e[y
(0002) JseIdjsuenourue
‘[e 39 ojus Ananoe aseDddAd ‘Lvdsy pasearouy wnopqny "N SGE AINED 1010219 *§ Jjejredse [eLIpuoyo0NW— ydsy
0102) sproe orue3Io pue EQN Jomoj surojord
‘[& 19 AJ[0QOS ‘SPIOE OUIWIE ‘SSBUW JBa] pasealou] paups SSE AINED 1700 "
90In0s N paimbor
(€002) sjue[d ‘soureredse 921 JO [9AQ]
‘[ 19 UOSLLIEH  POSBaIOul pue SSewolq pasearour APysiS wnovgny "N SSE AINED wnayps “ g aselauks ourderedse
(€007) 'Te 10 we] urajoad pads pooueyuyg pubivyl "y SSE AINED pubivyl 'y juapuadop-ourureIn|3—-1 Sy
90IM] puR ‘QduBpUNqE LIN
(L00T) 'Te 12 eyesry] VNYW Ioysy ‘ANanoe HAo 0Im ], WnjuanIsa ] 1186 AINBD WnJuaNIsa ]
(6661) uapuadap HAVN
sIealq pue 1Zznio)) Q0UBIQ[O] SSAIIS O1JOIqE PISBAIOU] pupipyl "y SSEAINED pubipyl "y [e1qororuou—|HAOH
paarasqo adKjouayq juerd jo81e], (s)1010wW01g 90IN0S QUAD) JToquunu

J[9[e Juenwi/3orered pue duan

400

(ponunuoo) Y AqeL,



401

Nitrogen Fixation and Assimilation

11

(1100
‘Te 10 Oy[eAIRD) op
(z100)

Te 30 [oPIN
Tw_yTIA -0IqNy
(0100) T8 19

BUBJEMUQ0IBYORI

(2102) 'Te 32 Suepy

(6002) T8 19 uos10q
(L00T) ‘T8 19 UOS[IN

(L00?)
‘Te 19 uezZpeN
(1100) T8 19 TRy

(¥000)
‘Ie 10 emesiSeue §

(€00T) 'Te 10 Sueyz

(8661)
9ploy pue Sueyy

(L00D) Te 19 eIseq

JUQJUOD PIOE OUIWE PASLAIOU]

N MO[ UO UOHB[IIISSE PISBAIOU]

N Y31y uo yimoi3 pasuequyg
ayeidn uaSonTu pasearouy
PIRIA pue “gNM “dNN paaoxduy
H2NM Pue AN pasoiduy
PISIA paos pue N paroxduy
dnM pue gON pasoxduy
ANM Pue AN pasoxdug
SSBWOIq Jo/pue ‘I0TA SUI[PIs
Q[qronpur-jy3Iy ‘9jel YImoIs ‘Yimoid
aAnje1agaA ‘azis jued ‘gNN paaoiduy
JUSIUOD PIOE OUIWE U]
9SBAIOUI ‘SUONIPUOD
pow]-N Jopun el YImoI3 paoueyuyg
N mo[ ur uononpoid
UIueAd0YJuL PISBAIOUL ‘AJel YIMOID)

uone3uo[e pue UoNINPUI J0OI [eIdJe ]

prey ay ut ppaik pue ‘[iAydororyd
‘Ssewrolq ‘gN Pasearour ‘QN pasearddq

wnovqj

wnovqj

pupivY)
WnuUanIsSa
wnms.y -

xout

sdpw *
sdout
pubypyl

pubipyl

paAlDs *

pubpyl

pupipyl

pupipyl
xout

st

< NNUOO G <

‘N

Q<

SSE AINEBD

AAVS

JueInA
SCE AINED

SCE AINED
LOVISO
SCE AINED

SCE AINED

ddyd SS¢

ddyd SS¢

SCE AINED

SCE AINED
LIDVIV

LLOVSO

1700

SU21oDfo1uny "y
buvipyl 'y

sisuayadny

puvyvyl "y
skout 7
buvipyl 'y

bunipy) "y
sdowt 7
s&owt 7

punipyl "y

puvIIDY Y

noo -y

Wy T Ty OF)
ased1oqIed 9Je[AX0A[3—TDD

SISQUIUAS UTUIY0IAO—T T

aserewnj—gIN N
10108) uonduosuen—| yyus

surajoxd ¢:¢:4] Sunoerour
pue 10308y uonduosuen—¢JvVH
X Jojoey responu juerd
—4X-AN ‘YOHED 1o8uy ourz
6 A[rurey ase[oIpAy [As0dA[3
‘10308 uonduosuen—g A N
‘10308 uonduosuen—Jrzq

J030€] uonduosuen—jjoq
urajoxd Aro3en3aI [[d-19 1O

10108)
uonduosuen; SAVIN-TINY

urqo[owdyoAe—JINH



402 D.A. Lightfoot

aerobes. Finally, they bloom, blocking the light needed for photosynthesis by
submerged organisms. Millions of acres of oceans are affected.

The major problem with nitrates in the human diet (water or food) is that they are
metabolized to potent carcinogens (nitrosamines) in the acid of the human stomach
(Tannenbaum et al. 1978; Moller et al. 1990; Mirvish 1985; Duncan et al. 1998).
High nitrate and so nitrosamine amounts in human diets are associated with many
different cancers as well as fertility problems. However, nitrates are naturally
excreted in human and animal saliva for the purpose of producing some
nitrosamines in the gut. This is because the combination of acid and nitrosamine
effectively kills many human and animal pathogens resistant to one or the other.
Helicobacter pylori is one example. This microbe causes stomach ulcers that left
untreated often become cancerous. H. pylori is endemic and became more abundant
as lifestyles became more stressful. Consequently, several epidemiological studies
found diets high in nitrate to be healthful in the 1990s and beyond, whereas before
that they were significantly unhealthful. Clearly, then the healthiest option is a low-
nitrate diet and low-stress lifestyle. However where lifestyle change is not an
option, for H. pylori and like pathogens, the lesions they cause are better treated
with drugs than nitrosamines.

However produced and applied, microbes in the soil take up the bulk of all
fertilizers before the plant can (Jahns and Kaltwasser 2000; Jahns et al. 1999;
Trenkel 1997; Cabello et al. 2004; Garcia-Teijeiro et al. 2009; Koivunen et al.
2004). Microbes pass the N molecules through about seven microbial cells before
plants absorb them. Ammonium can be assimilated or oxidized to nitrite, nitrate,
nitrous oxide, or dinitrogen by microbial activities. Plants have to absorb N from
microbes by force using highly efficient enzymes or by trade through symbiosis
[reviewed by Ferguson and Indrasumunar (2011)]. In symbiosis the microbes are
provided with sugars in return for ammonium. The microbes may be free living in
the rhizosphere or housed in specialized structures like nodules. Symbiotic
microbes produce a variety of chemical signals to elicit the delivery of sugars
from the plants. These systems are ripe for manipulation by biotechnology
approaches.

11.2 Plant Assimilations

Because soil particles do not naturally have many N-containing minerals, and
because N can be readily lost from the rooting environment, it is the nutrient
element that most often limits plant growth and so agricultural yields (Marchner
1995; Specht et al. 1999; Duvick 2005). As noted above, nitrogen is found in the
environment in many forms and comprises about 80 % of the earth’s atmosphere as
triple-bonded nitrogen gas (N,). However, this large fraction of N is not directly
accessible by plants and must be bonded to one or more of three other essential
nutrient elements including oxygen and/or hydrogen through N-fixation processes
and carbon through N-assimilation processes. Plants are able to absorb a little NH;
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from the atmosphere through stomata in leaves, but this is dependent upon air
concentrations. The ions NO; and NH are the primary forms for uptake in by
plants. The most abundant form that is available to the plant roots is NOj, and the
most abundant form in leaves is NH . The process of nitrification by soil bacteria
readily converts fertilizer NH] to NO; (Trenkel 1997; Zhao et al. 2005). Relative
nitrogen uptake is also dependent on soil conditions. Ammonium uptake is favored
by a neutral pH and NO3 uptake is favored by low pH. Nitrate also does not bind to
the negatively charged soil particles; therefore, it is more freely available to plant
roots especially through mass flow of soil water than is NH , which binds to
negatively charged soil particles and so moves primarily by diffusion. As noted
above, the assimilation of NHI by roots causes the rhizosphere to become acidic,
while NO3 causes the rhizosphere to become more basic.

11.2.1 Uptake of Nitrogen

Nitrogen uptake and assimilation summates a series of vital processes controlling
plant growth and development (Godon et al 1996; Krouk et al 2010; Meyer et al.
2006). Nitrate, nitrite, and ammonium uptakes (and reuptakes following losses)
occur against massive concentration gradients that require lots of energy to generate
and maintain. Happily in agriculture, plants are spaced sufficiently that they have an
excess of captured light energy relative to the N and C supplies. Transgenic plants
overexpressing low-affinity nitrate uptake transporter Nrtl increased the constitu-
tive but not the induced nitrate uptake (Table 11.1; Liu et al. 1999). Equally, plants
transgenic with Nrt2.1 the high-affinity nitrate transporter 2 increased nitrate influx
under low-N conditions (Fraisier et al. 2000). Transgenic plants expressing an
ammonium transporter increased nitrogen use efficiency (NUE; Gupta et al.
2008). Glutamate receptors in transgenic plants provided better growth. Equally
the uptake of short peptides had positive effects. All these transport-associated
phenotypes would be desirable in agricultural production systems directed toward
greater efficiency and lower environmental impacts. A stack of the three transgenes
would be of interest.

11.2.2 Nitrate Reduction

Nitrate acquired in the roots can be reduced in the shoot or the root or even stored in
vacuoles in the root or shoot for later assimilation. However, nitrate must be
reduced to a useable form. This occurs via a two-step process catalyzed by the
enzymes nitrate reductase and nitrite reductase to form NH . Both enzymes are
produced in massive excess compared to flux needed through the pathway so that
mutants that reduce their amounts by 90 % do not have phenotypes (Table 10.1;
Kleinhofs et al. 1980). Equally some transgenic plants overexpressing nitrate
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reductase (NR) increased nitrate reduction but were not altered in phenotypes
(Crete et al. 1997; Curtis et al. 1999; Djannane et al. 2002; Lea et al. 2004).
However, two studies of NR overexpressing transgenic plants did record altered
phenotypes including increased biomass, drought stress (Ferrario-Mery et al. 1998),
and improved NUE and yield during N limitation (Loussaert et al. 2008). These
phenotypes would be desirable in agricultural crops. Coupling of NR to photosyn-
thesis should be possible by the transformation of plants with a ferredoxin-
dependent NR from cyanobacteria.

11.2.3 Dinitrogen Fixation

The ability to fix dinitrogen is restricted to the bacterial world but widespread
among microbes (Ferguson and Indrasumunar 2011; Valentine et al. 2011; Reid
et al. 2011). Many different nif gene families exist suggesting selections for
variation have been favorable for species. The need for an anaerobic environment
for nif activity means that transferring the enzymes to plants will be difficult. To
date, transgenics in this field are bacterial, as in hydrogenase-enhanced microbes, or
if plant they are designed to improve the chances of nodule occupancy by improved
bacterial strains. Strains that are most likely to set up nodule occupancy are rarely
the most efficient nitrogen fixers. Plants also often fail to maintain effective nodules
through flowering and pod set (Sinclair et al. 2007). Soybean and common bean, for
example, have senescent nodules by flowering. Some species do have indeterminate
nodules, and it would be a valid goal of biotechnology to transfer this trait to major
legume crops.

11.2.4 Ammonium Assimilation

The N acquired as NH; does not require reduction upon uptake into the root, thus
providing some energy savings to the plant over that of the NO; form reviewed by
Marchner (1995). However, it does require assimilation to avoid loss and at high
concentrations (>10 mM) toxicity to the plant. Various studies have shown that
under conditions of excessive NH; uptake, most plant species will transport this N
source to the shoot, which is more sensitive to ammonium ions (Marchner 1995).
One important process to build key macromolecules in any living organism is
the acquisition and utilization of inorganic forms of nitrogen during metabolism
(Lea and Miflin 2011). Plants use amino acids and their precursors and catabolic
products for important metabolic activities. Various other roles of amino acids
include nitrogen storage and transport and the production of a very large number of
secondary compounds including structural lignin compounds, light-absorbing
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pigments, phenolics, and plant hormones. Plants convert the available inorganic
nitrogen into organic compounds through the process of ammonium assimilation,
which occurs in plants by two main pathways. The first and primary pathway
involves a reaction with glutamate to form glutamine, which is catalyzed by
glutamine synthetase (GS, EC 6.3.1.2) and requires an energy source of ATP.
There are two isoenzymes of GS based on their location in the plant, either in the
cytosol (GS1) or in the root plastids or shoot chloroplasts (GS2). Expressed in
germinating seeds or in the vascular bundles of roots and shoots, the cytosolic form
(GS1) produces glutamine for intracellular nitrogen transport. GS2 located in root
plastids produces amide nitrogen for local consumption, while GS2 in the shoot
chloroplasts re-assimilates photorespiratory ammonium (Lam et al. 1996). GS1 is
encoded by a set of 3—6 paralogs in different crop species, so hetero-hexamers can
form. However, the affinity for the substrates hardly differs. Amino acid identity is
very high even to GS2. GS2 has a short peptide extension at the C terminus that
might be involved in regulation by phosphorylation. Alleles of the GS1 and GS2
encoding genes do exist that differ in their regulation. Alleles of GS appear to
underlie quantitative trait loci (QTL) determining NUE and seed yield (Caiias et al.
2009, 2010; Coque et al. 2008). Transgenic analyses have been made of GS2 but not
GS1 (Table 11.1). Among the 12 studies in nine plant species, the phenotypes
reported included enhanced accumulation of N, growth under N starvation, herbi-
cide (PPT) tolerance, leaf-soluble protein, ammonia, amino acids, and chlorophyll.
Some genes and constructs though decreased growth; salt, cold, and drought
tolerance; seed yield; and amino acid content. Therefore, the use of GS transgenics
in agriculture will be useful and desirable but only with careful attention to
regulation and expression.

11.2.5 Transaminases

The glutamine molecules produced by GS are used by a whole series of
transaminases to produce the 20 protein amino acids and some nonprotein amino
acids. Cardinal among the transaminases is the reaction catalyzed by glutamate
synthase (GOGAT, EC 1.4.14) to form glutamate. There are two common
isoenzymes of GOGAT including a ferredoxin-dependent GOGAT (Fdx-
GOGAT) and an NADH-dependent GOGAT (NADH-GOGAT). While both
forms are plastidic, the Fdx-GOGAT enzyme is predominately found in photosyn-
thetic organs, and the NADH-GOGAT enzyme is found more in non-
photosynthetic tissues, such as in roots and the vascular bundles of developing
leaves (Schoenbeck et al. 2000: Yamaya et al. 2002). An NADPH-dependent
GOGAT can be found in certain organs and in many bacteria. Plants transgenic
with the NADH-dependent plant GOGAT have been reported. Phenotypes included
enhanced grain filling, grain weight, total C and N content, and dry weight
(Table 10.1). Phenotypes were very similar to the benefits reported from alanine
dehydrogenase and asparagines synthase suggesting that transaminases are acting
on a common pathway.
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11.2.6 Glutamate Dehydrogenases

The second pathway for ammonium assimilation also results in the formation of
glutamate through a reversible reaction catalyzed by glutamate dehydrogenase
(GDH, EC 1.4.1.2), with a lower energy requirement than GS/GOGAT. There are
also at least two forms of GDH that occur in plants that include an NADH-
dependent form found in the mitochondria and an NADPH-dependent form
localized in the chloroplasts of photosynthetic organs. In addition, there are
enzymes capable of aminating reactions that resemble GDH (Turano Personal
communication). GDHs present in plants serve as a link between carbon and
nitrogen metabolism due to the ability to assimilate ammonium into glutamate or
deaminate glutamate into 2-oxoglutarate and ammonium (Forde and Lea 2007).
However, due to the reversibility of this reaction, the assimilatory role of GDH is
severely inhibited at low concentrations of ammonium. Additionally, GDH
enzymes have a low affinity for ammonium compared with GS, which further
limits their assimilatory effectiveness. It has been suggested that the NAD-
requiring form of GDH may be involved in carbon rather than nitrogen metabolism,
(Coruzzi and Brears 1999; Kisaki et al. 2007; Nadzan et al. 2007) with glutamate
catabolism providing carbon skeletons both for the TCA cycle and energy produc-
tion during carbon or energy deficit. Alternate functions for GDH have also been
proposed in which it has been assigned the role of re-assimilating excess ammo-
nium, due to the limited ability of the GS/GOGAT cycle, during specific devel-
opmental stages (Loulakakis et al. 2002), such as during germination, seed set,
and leaf senescence (Coruzzi and Brears 1999; Kisaka et al. 2007).

In contrast to plant GDHs, those found in microbes are very active in the
assimilation of ammonium (Lightfoot et al. 1999; 2001). Plants did not have the
opportunity to incorporate this type of NADPH-dependent GDH because the
bacterial lines that gave rise to chloroplasts do not contain gdhA genes. The few
cyanobacteria with GDH activity have acquired genes by transgenesis or cellular
fusions. Transgenic plants in six crop species have been produced that express gdhA
genes from three microbes (Ameziane et al. 2000; Lightfoot et al. 2007).
Phenotypes in plants include increased biomass, water deficit tolerance, nutritional
value, herbicide resistance, N assimilation, NUE, water use efficiency (WUE),
amino acid, and sugar content (Mungur et al. 2005, 2006; Lightfoot 2008; Lightfoot
and Fakhoury 2010; Nolte et al. 2004; Nolte 2009; Table 11.1). GDH genes used in
this way are being evaluated for commercialization.

One problem faced by this and the alanine dehydrogenase transgenics (Good
et al. 2005; Shrawat et al. 2008) is a dependence on soil type for some of the
beneficial effects. GDH seems to provide a growth advantage on silty-loam clay
soils common in the southern Midwest. In contrast, the alanine dehydrogenase
transgenics seem to work best on sandy soils. Combining the technologies or
altering their regulation might provide stable beneficial effects in many soil types
and locations.
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11.2.7 Other Aminases

A variety of other enzymes exist that are capable of aminating reactions. Each will
be a candidate for overexpression in transgenic plants. Phenylalanine ammonia
lyase has been used in many transgenic plants. Equally, the enzymes of cyanide
assimilations (cysteine metabolism) might be more active than previously thought
and could be manipulated. Alteration of the enzymes of heme and chlorophyll
biosynthesis might be tried again. The Escherichia coli hemA gene was functional,
but hemB became insoluble in plant chloroplasts (Denhart, Lightfoot and Gupta
Unpublished). In this same pathway, the protoporphyrinogen oxidases are targets of
increasingly used and useful selective herbicides. Another major sink of amines are
the lignins and lignols. Emerging research suggests that transgenic manipulation of
these pathways will alter NUE and therefore WUE (Castiglioni et al. 2008; Century
et al. 2008; Goldman 2009; Vidal 2010; Jung et al. 2011). These enzymes might
also be usefully manipulated in stacks with transgenes to improve NUE, WUE, and
other traits including herbicide tolerance.

11.3 Conclusions

The assimilation of inorganic nitrogen is a key process in the productivity of crop
plants. There are many steps at which metabolic improvements can be made. In the
future, the chance to provide active nodules to nonlegumes will provide an impetus
for biotechnology. In addition, the combination of existing transgenes and new
promoter for their regulation will provide for new avenues in crop improvement.
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