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Low-N stress tolerant maize hybrids have higher fertilizer N recovery efficiency
and reduced N-dilution in the grain compared to susceptible hybrids under low N
conditions
Chisaka Arisedea, Zaman-Allah Mainassara a, Cairns Jill a, Tarekegne Amsal a, Magorokosho Cosmosa,
Das Bishb, Masuka Benhildahc, Olsen Mike b and Prasanna B. Maruthi b

aGlobal Maize Program, International Maize and Wheat Improvement Center (CIMMYT), Harare, Zimbabwe; bGlobal Maize Program,
International Maize and Wheat Improvement Center (CIMMYT), Nairobi, Kenya; cCrop Science Department, University of Zimbabwe
Marondera, Marondera, Zimbabwe

ABSTRACT
Developing high yieldingmaize (Zeamays L.) varieties that have relatively high grain protein content under
low nitrogen stress is critical to ensure food and nutrition security in sub-Saharan Africa. This study
evaluated the efficiency for fertilizer N recovery, grain yield and grain protein content of 10 maize hybrids
selected for their contrasting yield performance under low-N stress conditions in the field. The hybridswere
grown under 6 N rates (0-10-20-40-80 and 160 kg AmmoniumNitrate ha−1) at 2 sites that differ for residual
soil nitrogen (N-NO3). Fertilizer N recovery, estimated using the difference method, decreased with
increasing N rates or residual soil N and was significantly higher for the low-N tolerant (LNT) hybrids than
low-N sensitive (LNS) hybrids, especially at low N rates. Although there was yield increase with increased
N rate, the yield of tolerant hybrids respondedmore strongly than that of sensitive ones. Under low residual
soil N, higher grain yield was associated with lower grain protein content in both low-N tolerant and
susceptible hybrids but tolerant ones exhibited a significantly lower decrease in grain protein content
compared to susceptible hybrids. In addition, LNT hybrids were able to maintain relatively higher grain
protein content at high yield level under depleted soil N conditions as well as under high N level. We
concluded that LNT hybrids could contribute to optimizing the use of small N fertilizer rates by resource-
poor smallholder farmers to increase the nutritional value and profitability of producing maize.
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1. Introduction

In Sub-Saharan Africa (SSA), most smallholder farmers
produce maize in fields that have inherent poor soil
fertility, with little or no fertilizer application because
fertilizer costs are economically unattractive. This is
usually the result of limited or untimely availability of
the input (Carlsson et al., 2005), limited crop manage-
ment knowledge (Asfaw & Admassie, 2004) as well as
credit constraints. Low yields due to low or no fertilizer
application are exacerbated by highly variable low-
nitrogen sensitivity of the varieties that are grown.
Most cereals, including maize, rice and wheat have low
N fertilizer use efficiency; on average, 50% or less of
applied fertilizer is used to produce aboveground bio-
mass. The rest is mostly lost with possible environmental
and ecologic side effects, especially for high input sys-
tems (Galloway & Cowling, 2002). These N losses may
represent a significant economic loss to smallholder
farmers. In SSA, where fertilizer costs represent a large
fraction of the total production costs and where
increases in food production are urgently needed
(Sanchez & Jama, 2001), crop capacity to maximize the
use of small amounts of fertilizer is highly critical. This
underlines the need for appropriate farming methods
and strategies for more efficient use of N fertilizers in
cropping systems of SS.

There are various ways to define nitrogen use effi-
ciency (NUE). It can be expressed as grain yield per unit
of N available to the crop and depends on both N uptake
and N utilization efficiencies (Moll et al., 1982). Nitrogen
uptake efficiency is the efficiency to recover available
N from soil (Moll et al., 1982). It depends on the develop-
ment and morphology of the root system (Eghball et al.,
1993; Novoa & Loomis, 1981). There are genetic differ-
ences in plant N uptake for various crops including wheat,
rice, maize, sorghum, and barley (Anbessa et al., 2009; Le
Gouis et al., 2000; Muchow & Davis, 1988; Ortiz-
Monasterio et al., 1997; Presterl et al., 2003). The
N utilization efficiency is the amount of dry matter pro-
duced per unit of N taken up and the partitioning effi-
ciency of the dry matter produced to economic grain
yield (Moll et al., 1982). The overall nitrogen use efficiency
(NUE) of a cropping system can be increased through
better crop uptake efficiency from applied N inputs,
reduced N losses from soil N pools, or both. N losses can
be minimized through precision N management techni-
ques and technologies that help improving N inputs man-
agement. Previous reports have suggested greater
synchrony between crop N demand and the N supply
throughout the growing season as a way to improve
NUE in crop-production systems (Appel, 1994; Izaurralde
et al., 1995; Robertson, 1997). This is because the losses

are strongly related to the amount of N available in the
soil profile. Therefore, both indigenous and applied
N pools need to be utilized efficiently. For a single
N-fertilizer application the uptake efficiency decreases
proportionally to the amount applied (Reddy & Reddy,
1993). In addition, factors such as drought, untimely
weeding, pests and diseases may reduce the ability of
maize to absorb the available nitrogen resulting in
a smaller conversion of plant N to grain yield due to less
efficient exploitation of N for grain yield relative to plants
with a healthy N status. The rate, timing, and method of
N application also influences the NUE of maize. The appli-
cation of a total of 170 kg N ha−1 in three splits was
reported to be more efficient than a single preplant
application of 500 kg N ha−1 (Fernández et al., 1998).
Synchronizing split N application with crop demand
enhanced recovery efficiency of fertilizer N in irrigated
maize (Varvel et al., 1997). The average fertilizer applica-
tion rate in SSA (excluding South Africa) has been increas-
ing rapidly in recent years, from 6 to 7 kg/ha in 2008 to
above 16 kg/ha in 2014, and it is expected to reach 20 kg/
ha in 2020 (Source: AfricaFertilizer.org). To date and to our
knowledge, no study has been conducted using very
small amounts of N applicable to smallholder farmers
in SSA.

Besides management options, breeding improved vari-
eties that can more efficiently exploit nitrogen from
applied fertilizers and inherent soil N can play
a complementary role in alleviating the problems of food
security, especially in SSA. In the United States of America,
maize varietal improvement together with improved crop
management, and crop need-based fertilizer N application
resulted in grain yield increase, per kilogram of applied N,
from 42 kg in 1980 to 57 kg in 2000 (Mosier et al., 2004).
According to (Mi et al., 2005), growing N-efficient cultivars
are an important prerequisite for integrated nutrient man-
agement strategies in both high- and low-input agricul-
ture. Crops that are efficient in N utilization use less N to
yield more per kilogram N applied. With improved NUE
varieties, farmers will not only optimize their use of
N fertilizers but also maintain sufficient production profit
margins (IPNI, 2012).

As an important component of NUE when fertilizer N is
applied to the crop, higher recovery efficiency of N (REN)
reduces N losses which would then increase the benefit to
farmers. REN can be assessed using different methods.
From those commonly used, the ‘N-difference’ method is
the easiest to use. According to this method, REN is
calculated as the difference in crop N uptake between
a plot that receives a given N fertilization and a reference
plot without N application (Varvel & Peterson, 1992).
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The second technique uses 15 N-labeled fertilizer to esti-
mate REN (Sanchez et al., 1987). Usually, when indigenous
N is small relative to the applied N, REN from a given
amount of applied N fertilizer increases. This is mainly
because the demand for N cannot be met by the indi-
genous N supply. Conversely, REN from a given amount of
applied N fertilizer becomes small when the indigenous
N supply does not limit crop growth. The mode of fertili-
zer application also affects REN. (Havlin et al., 1990)
reported that N fertilizer placement affected efficiency,
with an REN of 42% for broadcast, 50% for surface band,
and 68% for subsurface band application of urea ammo-
nium nitrate in no-till maize in Kansas State (USA).

High NUE as measured by higher yield is usually
associated with a decrease in grain protein due to dilu-
tion effect (Ciampitti & Vyn, 2012; Ciampitti Ignacio &
Vyn, 2013) which is an expression of the balance
between the amount of grain produced versus the
amount nitrogen being remobilized to the grain. Many
other factors can affect grain protein, including seasonal
climatic conditions. The effect of nitrogen fertilizers on
cereal grain protein and yield is highly variable. Nitrogen
supply, grain yield and grain protein content were
reported to have a direct relationship by Lemon (2007),
who summarized the generalized relationship between
grain yield and grain protein in response to nitrogen
application in three major phase: (i) during the phase
of large yield response to N application, protein concen-
tration can fall or change very little; (ii) in the second
phase where the yield response falls off, grain protein
can slowly increase and (iii) lastly, when there is no yield
increase, grain protein is likely to increase substantially.
In situations of low fertility where N is very deficient, this
relationship can be observed in all three phases. In more
fertile situations, where the level of available soil nitro-
gen is higher, only the response shown for the two latter
cases will occur. In very fertile situations, grain protein
can remain relatively high.

A clear understanding of maize yield and grain pro-
tein response to small N rates, as well as efficiency in
recovering N fertilizer, will help to optimize the use of
fertilizer by smallholder farmers in SSA. As part of this
research focus, a set of 10 hybrids including CIMMYT
elite and commercial hybrids were evaluated under
zero N fertilizer application or small amounts at two
sites that differ for residual soil N. The objective of the
study was to determine how grain yield, grain protein
content and REN of hybrids that have shown contrast for
yield performance under low-N stress conditions in the
field are affected by small N rates that are likely to be
applied by smallholder farmers in SSA.

2. Material and methods

2.1. Crop management

Field experiments were set up at the CIMMYT-Harare
research station (Harare site: −17.725787 S, 31.016457 E)
and Gwebi Agricultural College (Gwebi site: −17.6833°S,
30.8667°E) on blocks of different N-depletion levels referred
as managed low-N blocks. The blocks were first sown with
a single wheat variety to assess soil variability and map
spatial N availability. The most uniform parts of the blocks
were used to plant two trials involving 10 hybrids pre-
viously identified as contrasting for grain yield on low-N
fields (Table 1). The two sites varied for residual soil nitrate-
N: (i) Gwebi site, highly depleted, 8 ppm; and (ii) Harare site
N-deficient, 18 ppm. The planting was done during the
summer season 2014–2015 (November-May) under-
controlled irrigation to ensure that germination and
growth were homogenous. The 10 hybrids were grown
with six N-application rates 0-10-20-40-80-160 Kg.ha−1

ammonium nitrate (AN) in a split-plot arrangement with
hybrids as main plots and N levels as subplots replicated
three times in a randomized complete block design. Seeds
were sown on 23 December 2014 as four rows per plot and
data were collected from the two central rows. The rows
were 75 cm apart and 4 m long with 17 planting stations
per row. To reduce border effects between treatments,
2-row plots of a commercial variety (SC403) were planted
on all sides of each treatment. Single super phosphate
fertilizer (14% P2O5: 7% K2O) was applied at planting to
all the plots at a rate of 400 kg ha−1, to supply the cropwith
phosphorous and potassium. Weeding was closely moni-
tored to avoid competition.

2.2. Data collection

Leaf senescence was scored visually from 0 (fully green
leaves) to 10 (fully senesced leaves) at anthesis, 2 and
4 weeks post-anthesis. At harvest, grain yield and total
N uptake were determined using 24 plants for each plot.
To avoid border effect, two plants from each edge of the
rows were discarded. A knife was used to cut the maize
plants at ground level. The plant samples, three repli-
cates per plot (eight plants per sample) of maize shoots
were divided into stems and leaves, oven-dried at 65°C
and weighed to determine the dry matter of the two
components. Then the samples were ground in bulk and
analyzed for total N content using the UV-Vis spectro-
photometer method. Grain samples were analyzed for
protein content using the Infratec™ 1241 NIR grain ana-
lyzer (Foss North America) machine after harvest.
Nitrogen use efficiency for biomass production
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(NUEDM) was estimated as dry matter accumulation
per kg of N applied.

The fertilizer N recovery efficiency was estimated uing
the N difference method, also referred to as the N balance
or the apparent recovery efficiency of applied fertilizer
N method (REN). Percentage recovery of fertilizer N was
calculated by the following equations from Pomares-
Garcia and Pratt (1978): % N fertilizer recovery = 100 x
(NF – Nc)/R,

where NF = total plant N uptake from N fertilized
plots, NC = total plant N uptake zero-N fertilizer control
plots, and R = rate of fertilizer N applied.

Fertilizer N recovery in the grain was determined by
multiplying treatment grain yield x grain N, subtracting
check (no N fertilization) grain yield x grain N and divid-
ing by the rate of N applied.

2.3. Statistical analysis

A multivariate analysis of variance was performed to eval-
uate the main effects and interaction of site, hybrid and
N application rate on yield, biomass production and grain
protein content using IBM SPSS Statistics software. To test
the significance of fertilizer N recovery variation amongst
N rates, an analysis of variance was used and means were
separated using the least significant difference test.

3. Results

Themultivariate analysis of variance showed that there was
a significant site effect on grain yield and biomass (p < 0.01)
but not on grain protein content. N application rate and
hybrid effects were significant for all the three parameters
(p < 0.01). Regarding interactions, there was a significant
effect of site*hybrid on yield and biomass (p < 0.01 and
p < 0.05, respectively) and of site*N-application-rate on
grain protein content (p < 0.05).

3.1. Aboveground dry matter and plant height

Dry matter (DM) accumulation at harvest was signifi-
cantly increased by available soil N (fertilizer N input
and soil N pool) at both sites (Figure 1). At Harare site
where residual soil NO3

–N was higher, there was
a strong discrimination for dry matter accumulation
between LNT and LNS hybrids, the later showing sig-
nificantly lower values at all N levels (Figure 1(a)). The
DM of LNT hybrids ranged from 22.5 t ha−1 to 30.81 t
ha−1 while that of the LNS hybrids varied between
12.29 and 22.41 t ha−1 for the same N levels. On the
other hand, the DM at Gwebi site was significantly
lower for all hybrids as compared to the values
recorded at Harare (Figure 1(b)). The discrimination
between LNT and LNS hybrids followed the same
trend as at the Harare site, but the difference between
the two hybrid groups was much smaller. The DM of the
LNT hybrids ranged from 14.38 t ha−1 to 26.67 t ha−1

while that of the LNS hybrids varied from 8.85 to 20.85
t ha−1 for the same N levels. Despite the fact that
biomass increased with N rates, nitrogen use efficiency
for DM production decreased for both hybrid groups as
N rate increased. The efficiency was significantly higher
for the LNT hybrids as compared to LNS at both sites
(Figure 1(c,d)). Overall, the values at the Harare site
were significantly higher than those at the Gwebi site,
especially for low N rates.

Plant height showed different trends depending on
the residual soil N (Figure 2). At high residual N, there
was only a small difference in plant height between
tolerant and susceptible hybrids. As N supply increased,
the difference became smaller and tended to be close to
nil for N applications above 160 Kg.ha−1. At low residual
soil N level, the small N application rates created
a substantial plant height difference between tolerant
and susceptible hybrids; ranging from 15 to 30 cm. At
relatively high N application rates, the difference

Table 1. Maize hybrids used in this study. They were selected based on their performance under low nitrogen (low N) conditions in
multi-location field trials.

Entry Hybrid Source
Average grain yield under low

N (t ha−1) Rating

1 Check1 Commercial Check 4.51 Good
2 CML312/CML444//INTA/INTBB-41-B-1-1-BBB-B-B-B CIMMYT 4.36 Good
3 CML312/CML443//(CML444*/OFP14)-2-2-2-2-2-B CIMMYT 3.86 Poor
4 CML442/CML539//(CML444*/OFP67)-4-1-1-1-B-B CIMMYT 3.72 Poor
5 Check2 Commercial Check 2.06 Poor
6 [INTA-2-1-3/INTA-60-1-2]-X-11-6-3-BBB-B-B-B-B/CML539//(CML444*/OFP14)-

3-1-1-1-2-B
CIMMYT 4.81 Good

7 CML444/CML547//[INTA-2-1-3/INTA-60-1-2]-X-11-6-3-BBB-B-B-B-B-B CIMMYT 5.82 Good
8 CML442/CML539//ZEWAc2F2-152-1-BBB-B-B-B CIMMYT 3.53 Poor
9 CML312/CML442//([ZEWAc1F2-151-6-1-B-1-BBB/[TZMI703/CML176]-B-3-2-B*4]-3/

CML373IR)-B*4-3-1-B-B-B
CIMMYT 3.31 Poor

10 Check3 Commercial Check 2.47 Poor

420 C. ARISEDE ET AL.



became smaller but still significantly larger than the one
under high residual N.

3.2. Fertilizer N recovery

Results showed that overall, the LNT hybrids pre-
sented higher N recovery from fertilizer at both sites
(Table 2). The grain N recovery was significantly
higher at low N rates in both sites followed by

a rapid decrease in high N rates. The same trend
was recorded for the total N recovery in LNT hybrids,
while the LNS hybrids presented a slight increase
except at 160 N rates where the recovery dropped
by nearly half of that of 40 and 80 N rates. Regarding
the Harare site, the values of grain N recovery were
close to those observed at Gwebi, although in the
LNT, the recovery was lower at high N rates as com-
pared to Gwebi. On the other side, the total
N recovery was, to a large extent, higher at low
N rates in Harare compared to Gwebi.

Figure 1. Variation of dry matter accumulation and NUEDM of low-nitrogen tolerant (dark circles) and low-nitrogen susceptible (open
circles) hybrids at different N application rates. Harare site (a, c) and Gwebi site (b, d). Data are means of low-N stress-tolerant and low-
N stress susceptible hybrids. Error bars represent ±1 s.e.

Figure 2. Plant height difference between LNT and LNS hybrids
grown under different N rates on two sites contrasting for
residual soil N-NO3 (i) Harare-site: empty circles and (ii) Gwebi-
site: solid circles.

Table 2. Recovery of N fertilizer by maize estimated by difference
method at two sites contrasting for residual soil N.

N rates (Kg ha−1)

N recovery (%)

Grain Total

LNT LNS LNT LNS

Gwebi Site
10 50.54a 41.70a 73.18a 49.22b

20 54.26a 43.46a 75.12a 52.73b

40 53.23a 32.05b 72.52a 62.31a

80 37.21b 21.27c 65.00b 60.41a

160 29.09c 18.19c 33.75c 35.34c

Harare Site
10 50.75a 38.85a 100.16a 87.14a

20 49.32a 38.79a 99.46a 88.41a

40 46.06a 35.77a 99.91a 82.05a

80 33.61b 24.36b 78.57b 58.41b

160 23.82c 18.37b 30.03c 22.42c

Different letters denote significant differences between N rates as assessed
by LSD (P ≤ 0.05).
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3.3. Profile of leaf senescence

At low N availability (0–10 N), the profile of leaf senes-
cence did not show any significant difference between
the LNT and LNS hybrids at the Harare site (Figure 3(a)).
The overall leaf senescence evolution was lower com-
pared to the Gwebi site. Up to 6 weeks post-anthesis
(WPA), leaf senescence was below 35% for both LNT
and LNS at Harare (Figure 3(a)). However, beyond
6 weeks post-anthesis, senescence was fast and
doubled between 6 and 8 weeks post-anthesis. At
Gwebi, leaf senescence was rapid and was around
40% 4 weeks post-anthesis for both the hybrids groups
(Figure 3(b)). Beyond 4 weeks post-anthesis, the senes-
cence was faster in the LNS compared to LNT ones. In
the LNS hybrids, senescence increased by 18.6%
between 4 and 6 WPA and 21.4% between 6 and 8
WPA. During the same intervals, the LNT hybrids pre-
sented an increase of 12.2% and 17.2%, respectively
(Figure 3).

3.4. Yield response to N fertilization

Results showed that hybrids response to N fertilizer appli-
cation is highly dependent on the level of soil N (Figure 4).
Overall, at individual sites, the N response curve showed
nearly the same trend between LNT and LNS hybrids. At
low-N levels, discrimination between hybrids was the
largest, underlining the importance of screening varieties
under low-N to match stallholder farming conditions.
Harare-site presented significantly higher yield level and
quicker response to N application as compared to Gwebi
(Figure 4). At relatively high residual soil N level (Harare-
site), there was a rapid yield plateau because the
N demand is covered with small amounts of N fertilizer
application (Figure 4(a,b)). When the residual soil N is very
low (Gwebi-site), N response was very small at all
N application rates (Figure 4(c,d)).

3.5. Grain protein content and its relationship with
grain yield

As opposed to grain yield, grain protein content was
significantly lower in the LNT hybrid as compared to LNS
hybrid, largely due to dilution effect (Figure 5). At both
sites, grain protein content increased with increasing
N rates, but the response was higher at Gwebi (Figure 5).
This is to a large extent because of the lower yield poten-
tial of the Gwebi-site as compared to Harare-site.

The relationship between grain protein content and
grain yield showed different patterns in relation to both
the hybrid group and soil residual N (Figure 6). At Harare-
site, where the residual soil N was relatively high, there
was significantly less dilution of grain N concentration
from increased grain yields responding to N applications
(Figure 6(a)). In addition, grain protein content showed
a significant increase with yield increase in the LNT
hybrids (r = 0.62**) while the LNS hybrids did not present
any significant relationship between grain yield and grain
protein content (Figure 6(a)). In contrast, at Gwebi-site
where the residual soil N was low, there was a significant
decrease of grain protein content with yield increase in
both the LNT (r = 0.64**) and LNS (r = 0.76***) hybrids
(Figure 6(b)). This is largely due to a dilution effect with
increasing yield under very limited available soil N.

4. Discussion

The goal of sustaining adequate rates of gain in maize
production to meet expected food demand in SSA will
require increases in fertilizer use efficiency on poor soils
with particular emphasis on fertilizer N recovery to
maximize the efficiency with which N is captured and
used. Increased NUE on marginal lands will improve the
economic ‘benefit to cost ratio’, with potential large
influence on farmer adoption of new technologies.
Fertilizer recovery and utilization efficiencies are both

Figure 3. Profile of leaf senescence at low N rates (0–10 kg ha−1 N) of LNT hybrids- solid circles and LNS hybrids-empty circles at (a)
Harare-site and (b) Gwebi-site. Error bars represent ±1 s.e. Data are means of low-N stress tolerant and low-N stress susceptible
hybrids.
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critical for improving NUE of maize production systems
because of their impact on grain yield. While some
management practices might increase REN by reducing
N losses, the use of the best-adapted cultivar or
improved hybrid can significantly contribute to more
efficient uptake of available N and greater conversion of
plant N to grain yield (Cassman et al., 2002). Our results
have shown that there was a significant difference for
fertilizer N recovery efficiency among the hybrids tested
(Table 2). The LNT hybrids presented higher REN at

both sites. This can be related to their higher biomass
which can be achieved through higher N-uptake
(Figure 1). The rate of N uptake by crops is highly
variable during crop development and between years
and sites. In addition crop, N accumulation is highly
related to crop growth rate and to biomass accumula-
tion (Gastal & Lemaire, 2002). The LNT has shown better
efficiency in N uptake, which translated into higher
biomass and total N in the dry matter (Table 2 and
Figure 1(c,d)). To maximize fertilizer N recovery, growth

Figure 4. Variation of grain yield in LNT (dark circles) and LNS (top half dark circles) hybrids grown under different rates on three sites
contrasting for residual soil N-NO3. (a, b) Harare-site and (c, d) Gwebi-site. Data are means of low-N stress tolerant and low-N stress
susceptible hybrids.

Figure 5. Relationship between grain protein content and N application rates at two sites contrasting for residual N (a) Harare-site and
(b) Gwebi-site. Data are means of the two most contrasting hybrids for grain protein. LNT (dark circles) and LNS (gray circles).
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rate and biomass accumulation seem to play a key role
because they contribute to minimize N losses. It was
reported that fast-growing plants have root systems
that more effectively exploit available soil resources
including N (Burns, 1980). The fertilizer N recovery
values were significantly lower at Gwebi where the
residual soil N pool was smaller. This is in agreement
with Cassman et al. (2002) who reported that uptake
efficiency from N-fertilizer application typically
decreases in proportion to the amount of residual soil
N. The residual soil N pool can boost the early growth
of the crop, which will help to maximize the use of the
fertilizer N source. Low values of N recovery may result
from other prevalent growth-limiting factors, such as
water or P deficiency, found in much SSA. Removing
plant growth-limiting factors would increase the
N demand by the crop leading to a higher use of
available N and, consequently, higher fertilizer
N recovery. As reported in our results (Table 2), it is
generally accepted that REN will decrease with increas-
ing fertilizer N rates because of increased chances for
N losses through runoff, leaching, and gaseous emis-
sions (Baligar et al., 2001). Fully synchronizing
N fertilizer application with crop N demand will lead
to higher N fertilizer use efficiency. Our results suggest
that there may be considerable opportunity to optimize
N application in order to effectively increase REN
amongt small holder maize systems in SSA.

Regarding yield performance, the two sites presented
relatively small difference in residual soil N, but this has
created large differences in grain yield (Figure 4). Our
results have shown that the LNT hybrids had higher yield
at all N rates relative to the LNS hybrids (Figure 4). The
best performing hybrids under low N had a better capa-
city to capture fertilizer than the low yielding ones at all
N application rates (Table 2). According to our data, at
low N-input, variation in N-uptake and N-utilization effi-
ciency are both more important than at high N-input,

because when nitrogen is not limiting uptake and utili-
zation are not as critical as when N is limiting.

Regarding grain nitrogen content, the absence of
relationship between grain yield and grain nitrogen at
high residual N is largely due to a dilution effect that
occurs at higher yield level. This is corroborated by the
fact that total grain nitrogen correlated well with grain
yield (r = 0.96, p < 0.001).

Expression of genetic variation in NUE at low N-input is
different from that at high N-input. This is, to some extent,
because N metabolism or limiting factors are different in
both N-conditions and genes explaining variability at low
N-input are probably not the same as at high N-input
(Gallais & Coque, 2005). Therefore, it appears to be quite
possible to improve NUE at different nitrogen levels of
fertilization, keeping in mind that genotypes adapted to
high N-input will not necessarily be adapted to low
N-input.

It also means that the response to selection under
low-N conditions will likely be higher compared to selec-
tion under high-N for target agro-ecologies character-
ized by low soil fertility. Therefore, to be successful,
variety of development for N-depleted target environ-
ments should be done under low-N conditions.

Conclusion

Sustaining sufficient rates of gain in yields of improved
maize varieties in SSA, where farmers grow the crop on
poor soils without possibilities of applying adequate
N fertilizer, will require a strong emphasis on improving
NUE in the global research agenda. In this study, the LNT
hybrids have shown better performance under different
N-levels due to their ability to capture N from both pools
(Fertilizer and soil N) more effectively than the suscepti-
ble ones. They also had less dilution of N in the grain due
to better N utilization. This study also highlighted the
importance of mapping appropriate varieties to soil

Figure 6. Relationship between grain protein content and grain yield at (a) Harare-site and (b) Gwebi-site at 0 kg ha−1 N. Data are
replicates from low-N stress tolerant and low-N stress susceptible hybrids. LNT (dark circles) and LNS (gray circles).
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environments in order to maximize yields in smallholder
farming systems. Currently fertilizer application rates are
very low but they are increasing in few Sub-Saharan
African countries like Zambia and Malawi due to targeted
fertilizer subsidies. With the assumption that N rates will
increase over the next 10 years, there is need to ensure
that new varieties have good N recovery efficiency, which
will allow to maintain a relatively high protein level in the
grain. Further soil work is also needed to ensure that
nitrogen use efficient varieties have increased fertilizer
capture and do not mine the soil to safeguard sustain-
ability of the maize farming systems in SSA. This is critical
for both food and nutritional security in SSA maize farm-
ing systems.
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