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ABSTRACT 

The interdependence of C and N metabolism in achieving maximum reproductive de
velopment of maize is well known, but poorly understood. Our experimental approach has 
been to use stem infusion and in vitro kernel culture to control and/or abruptly change the 
supply of C and N assimilates available for ear and kernel development. A major goal of this 
research has been to ascertain whether kernel growth and composition is determined by the 
assimilate supply from the vegetation, or by factors operating within the kernel. For in vitro 
grown kernels, endosperm sugar status was closely related to C supply, and a supply of N 
allowed the kernel to use this assimilate for growth. Nitrogen-induced utilization of C was 
associated with concomitant increases in invertase activity, while high endosperm sugar (in
duced by either high media sucrose or low media N) resulted in low invertase activity. Stem
infused N, but not sucrose, caused subtle but distinct effects on the initial levels of endosperm 
assimilates, and on some enzymes of C and N metabolism, in a manner consistent with the 
idea that N facilitates the kernel's utilization of sugars. These differences were also reflected 
in the final grain weight as infusion with N partially reversed the negative effects of N de
ficiency, while sucrose did not. Collectively, the data suggest that N plays a direct role in re
productive development in maize, in part by controlling the ability of the kernel to use C. 

Ear and kernel development of maize is largely a function of the ability of the plant 
to acquire, metabolize, and use C and N assimilates. While the relative abundance 
of C vs. N in the mature kernel (38% C vs. 1.5% N) dictates a predominant role for 
photosynthesis in achieving maximum yields, the N supply is crucial in establish
ing and maintaining the plant's photosynthetic capacity (Below, 1995, 1997). Ad
equate N is also needed for the development of reproductive sinks, and as an as
similate for the deposition of storage proteins in the kernel. These needs have led 
to the almost universal practice of annually applying relatively large amounts of N 
fertilizer to the maize crop. Concerns about the sustainability and environmental 
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impacts of N fertilizer use, however, are prompting the need to better understand 
how N empowers maize productivity. This understanding will undoubtly require a 
clearer picture of the interdependence of C and N metabolism in controlling re
productive growth. 

Contributing to the difficulty in understanding C/N relationships is that ini
tiation and development of the plant's reproductive capacity occurs in distinct 
phases, each of which can be affected by C and N supply. The number of potential 
kernel ovules is established early in plant development (by the V12 growth stage), 
while the number of these ovules that ultimately develop into mature kernels is af
fected by the degree of pollination and extent of kernel abortion. Finally, the weight 
of individual kernels is a function of kernel sink capacity, the total number of ker
nels, and the supply of assimilates available to fill them. Thus, variations in the avail
ability of C and N assimilates could be expected to differentially affect kernel growth 
and composition, in part depending on when during development they occurred. 

Finally, the mechanisms involved in C/N regulation of kernel growth are dif
ficult to study at the whole plant level because of the inability to stringently ma
nipulate the supply of C and N from the plant to the kernel. Changing the C status 
of plants under field conditions is usually obtained by imposing shade to reduce pho
tosynthesis. This approach allows for varying degrees of shade to be imposed (and 
removed) for specific times, without affecting the leaf area index (LAI). Shading 
treatments generally affect the yield parameter being determined at the time when 
the shade is imposed, with the period around silking being the most sensitive 
(Reed et aI., 1988; Uhart and Andrade, 1995a). However, kernels induced to abort 
by shade have the same, or higher, concentrations of carbohydrates (Reed and Sin
gletary, 1989) and amino acids (Reed et aI., 1988), suggesting that the tissue sta
tus of these assimilates is not responsible for initiating their abortion. 

In contrast to photoassimilate reduction from shading, N deficiencies chron
ically affect a myriad of processes throughout plant development, and are much 
harder to impose and remove. Varying of fertilizer applications (i.e., times and 
amounts) is often used to obtain plant materials differing in N status, but these treat
ments are highly influenced by how the environment, soil, and cultural practices 
interact to determine the loss and/or availability of N. While an increase in indi
vidual kernel weight has been reported, kernel number is more often responsible 
for N-induced yield enhancement (Lemcoff and Loomis, 1986; Jacobs and Pear
son, 1992). 

Although it is not known how N supply regulates this increase in final ker
nel number, it is clear that a lack of N causes kernels at the tip of the ear to abort, 
or to cease their dry matter accumulation prematurely (Pearson and Jacobs, 1987; 
Mozafar, 1990; Uhart and Andrade, 1995b). Whether these effects are the direct re
sult of how much N is supplied to the ear, or the indirect result of an N -induced lim
itation in photosynthesis is debatable. Field experiments by Uhart and Andrade 
(1995b) showed that N deficiency and shade both decreased kernel number by low
ering radiation interception; which led them to conclude that N's effects on yield 
were entirely due to reductions in C assimilation. However, our work using in vitro 
kernel culture and stem infusion, has suggested that at least a portion of the N ef
fect on starch production and grain yield of maize is due to a modification of ker
nel metabolism in response to N supply. 
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IN VITRO CULTURE 

In addition to the issues of when and how to impart a change in the C or N 
status of whole plants, maternal factors exert considerable control on the assimi
late supply to the kernels; as do the cultural conditions and the environment. Use 
of the in vitro kernel culture technique is one way to circumvent these problems as 
this method allows for the growth of individual kernels under defined conditions 
of temperature and nutrient supply. Many aspects of in vitro kernel growth have 
been shown to be similar to in situ kernels, including their response to N supply 
(Cully et aI., 1984; Singletary and Below, 1989). 

We have routinely used this technique to alter the N supply to developing 
maize kernels and have shown that a deficiency of N in the culture media markedly 
decreases endosperm dry weight, even though high levels of sugars are available 
(Singletary and Below, 1989, 1990). Kernel growth in vitro responds to media N 
supply in a manner akin to that observed for kernels on intact plants subjected to 
varying fertilizer rates (Singletary and Below, 1989; Czyzewicz and Below, 1994; 
Faleiros et aI., 1996). Apical kernels exhibiting high levels ofN-induced kernel abor
tion in the field can be made to resume growth if they are removed from the ear 
and grown in vitro with adequate levels of N (Below, 1997). The effects of N avail
ability were greatest during the period (first 12 d) when kernel sink capacity is being 
determined, while subsequent decreases in kernel weight were attributed to lower 
activities of starch synthesis enzymes. Collectively, these data suggest that N sup
ply does play an important and direct role in the establishment and filling of the 
kernel sink. 

In the work presented here, we simultaneously altered the concentration of 
sucrose and amino N in the culture media to determine how C and N interact to in
fluence kernel growth. The rates of media C and N (117, 292, and 467 mM of su
crose, and 5, lO, and 30 mM of amino N) were selected in an attempt to obtain C 
and/or N limitations in kernel growth, as media with 467 mM sucrose and 30 mM 
N is considered adequate for optimal growth of in vitro kernels (Gengenbach and 
Jones, 1994). 

Kernel dry weight at maturity following culture with the lowest level of su
crose (117 rnM) was less than half that observed with the sufficient levels (either 
292 or 467 rnM), and this growth was not enhanced by providing additional N (Fig. 
2-1A). Conversely, when enough sucrose was available, kernel growth was im
proved by providing adequate N (i.e., up to lO rnM). While these data demonstrate 
the importance of sufficient C and N supplies in optimizing kernel growth, they also 
show that when at, or near the optimal level, fairly large fluctuations in the avail
ability of these assimilates result in similar kernel growth. This autonomy in response 
to C and N assimilates suggests at least some control on the utilization of available 
assimilates for dry matter production resides within the developing kernel. 

In contrast to kernel dry weight, however, kernel composition appears to be 
closely controlled by the supply of C and N assimilates, as there was a strong trend 
for media N to increase kernel N concentration, and for media sucrose to decrease 
it (Fig 2-1B). However, whether the reciprocity of this relationship is an indica
tion of a tightly coupled interrelationship between C and N utilization, or a passive 
result of growth dilution is unclear. When expressed on a content (mg/kernel) 
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Fig. 2-1. Kernel dry weight (A) and N concentration (B) at maturity as a function of the levels ofN and 
sucrose in the culture medium. Sucrose was supplied at concentrations of 117 mM (closed square), 
292 mM (open circle), or 467 mM (closed triangle), and N at 5,10, or 30 mM. The bar indicates LSD 
at the 5% probability level for comparison of N levels within a sucrose rate or sucrose levels within 
an N rate. 

basis, kernels grown with the highest (467 ruM) and lowest (117 ruM) sucrose lev
els contained similar amounts of kernel N, while kernels cultured with the middle 
sucrose level (292 ruM) contained slightly more N (data not shown). As observed 
previously for in vitro cultured kernels (Singletary and Below, 1989), these data 
show that N accumulation by the kernel is relatively independent of the C supply. 
Since the ability of the kernel to use C for growth depends on the supplies of both 
C and N, however, a variable growth dilution, or lack of growth dilution, could ac
count for the treatment differences in kernel N concentration. 

On the other hand, the reciprocal, inverse relationship between C and N sup
plies and grain N concentration (Fig 2-1B) is somewhat analogous to the negative 
relationship between grain yield and protein percentage that is commonly ob
served in cereal cultivars selected for abnormally high or low percentages of grain 
protein (Dembinski et aI., 1991; Dudley and Lambert, 1992). While the reason for 
this relationship is not completely clear, controlling the relative movement of C and 
N into the kernel, possibly by osmotic regulation, is one possibility (Lee and Tsai, 
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Fig. 2-2. The concentration of sucrose (A) and the activity of soluble invertase (B) in the endosperm 
at 20 DAP as a function of the levels of N and sucrose in the culture medium. Sucrose was supplied 
at concentrations of 117 mM (closed square), 292 mM (open circle), or 467 mM (closed triangle), 
and N at 5, 10, or 30 mM. The bar indicates LSD at the 5% probability level for comparison of N lev
els within a sucrose rate or sucrose levels within an N rate. 

1985). Given this view, dry matter gain in kernels would be restricted by inadequate 
supplies of Cor N assimilates, whose levels would be further reduced by an ex
cessive supply of the reciprocal constituent. In our study, a low concentration of 
media N led to proportionally less kernel N accumulation, which in tum was di
luted further by a high concentration of sucrose in the media (Fig. 2-1B). 

Variation in the concentration of endosperm sugars at the onset of rapid 
grain fill (20 DAP) also supports the contention of a coupled regulation in C and 
N use, as high media C and low N resulted in the highest levels of endosperm su
crose (and reducing sugars; data not shown), while low C and high N caused the 
lowest sucrose level (Fig. 2-2A). While the differences in endosperm sugar con
centrations were closely related to the media sucrose level, we do not believe this 
effect was due to simple mass diffusion of sucrose into the endosperm. The fact that 
endosperm sucrose concentrations were much lower than the media sucrose con
centrations, and the finding that media N level interacted with media sucrose in de
termining endosperm sugar concentrations (Fig. 2-2A), leads us to believe that some 
active control of sucrose assimilation occurs. Although sucrose can be absorbed in
tact into maize kernels (Schmalstig and Hitz, 1987), the predominant uptake route 



20 BELOW ET AL. 

appears to involve hydrolysis in the apoplast (Doehlert et aI., 1988). Similar to pre
vious reports (Singletary and Below, 1989: Faleiros et aI., 1996), in this study, N 
allowed the kernels to use absorbed sugars for growth. Thus, we believe there is 
an interdependency between N availability and C use by the kernel, which may be 
related to the flux of sucrose into the kernel and through the synthetic pathway to 
starch. 

The most logical way for assimilate availability to regulate kernel sugar sta
tus would be in the uptake of sucrose from the apoplast. This process is accomplished 
in maize kernels by various isozymes of acid invertase (Xu et aI., 1996), which are 
known to be regulated differentially by sugar supply (Koch, 1996; Koch et al., 1996). 
Based on the activity of soluble invertase in this study, sucrose uptake would ap
pear to be up-regulated by N supply, and down-regulated by sugar (Fig. 2-2B). The 
opposite patterns of change between invertase activity and the concentration of en
dosperm sugars (Fig. 2-2), also suggests that this enzyme may be responsible for 
the treatment-induced differences in endosperm sugar use. The decrease in kernel 
sugar concentration with increases in N supply was associated with concommintant 
increases in invertase activity; while a high concentration of endosperm sugars (in
duced by either low N or high sucrose) resulted in low activity. Although specula
tive, we propose that a major way by which N regulates sugar use, and initial ker
nel growth, is through the expression and/or activity of invertase. Obviously, 
additional studies are needed to verify this hypothesis. 

STEM INFUSION 

Although the in vitro kernel culture system provides for a high degree of en
vironmental and nutritional control, the technique requires specialized skill, is 
time consuming, and does not generate large amounts of experimental tissue. These 
problems are particularly evident when trying to study the initial stages of kernel 
sink development, because the amount of tissue present is so small. For this rea
son, we have also used the stem-infusion technique to alter the level of C or N as
similates available to the developing ear. 

The stem infusion technique was developed to rapidly provide physiologi
cally significant quantities of nutritional or regulatory substances to developing 
maize ears under field conditions (Boyle et aI., 1991a). Because the developing ear 
is left intact on the plant, a much larger quantity of experimental material can be 
collected than with the in vitro culture system. This techinque has been used by other 
researchers to study kernel abortion caused by water stress (Boyle et aI., 1991 b, Zin
selmeier et al., 1995), and to assess the impact of exogenous supplies of plant growth 
regulators (Dietrich et aI., 1995). We have previously shown that stem infusion of 
an amino acid mixture can prevent some of the abortion of tip kernels on N-defi
cient plants (Sun et aI., 1996). We extend that work here to determine if this effect 
is the direct result of how much N is supplied to the ear, or the indirect result of a 
lack of photoassimilate. 

To address this issue, moderately N-deficient plants were stem infused with 
either water (as a control), sucrose, NH4N03, or an amino acid mixture. Four sep
arate infusions (per plant) were made for each treatment at daily intervals begin-
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Table 2-1. Changes in the concentrations of C and N precursors in the developing endosperm of low
N maize plants stem-infused with C or N assimilates. Plants were infused 4 d before pollination to 
provide 28 g of sucrose or 0.8 g (amino acids) to 0.9 g (ammonium nitrate) ofN. Water-infused low
N plants, and non-infused low N and high N plants served as controls. The whole ovule was analyzed 
at 6 days after planting (DAP), which consisted primarily of nucellar tissue, while only the endosperm 
was analyzed at 20 DAP. For both sampling dates, data are the mean of four replications. 

Sucrose Reducing sugars Amino acids 

DAP 

Infusion treatment 6 20 6 20 6 20 

mM 

Low N control 9 204 385 49 66 51 
Water 10 191 405 48 63 45 
Sucrose 10 204 356 51 79 52 
Amino acids 8 109 297 34 110 62 
NH4N03 10 119 359 36 89 48 
High N control 9 137 322 40 89 46 
LSD 2 25 37 7 II 8 

ning 4 d prior to pollination. In total, these infusions provided an average of 214 
mL water, 28 g of sucrose, 0.9 g ofN as NH4N03, or 0.8 g N as amino-No Non-in
fused low-N plants, and plants receiving adequate N fertilizer also served as con
trols. 

Measurement of kernel assimilate status during the early stages of develop
ment showed subtle but distinct effects of both the N supply throughout plant growth 
(e.g., low N vs. high N controls), and of infusing N into the stem oflow-N plants 
(Table 2-1). Compared to high-N control plants, kernels on low-N controls had a 
lower concentration of amino acids at 6 d after pollination (DAP), a higher con
centration of reducing sugars at 6 and 20 DAP, and a higher concentration of su
crose at 20 DAP. At 6 DAP (and 6 d after completion of stem infusion), infusion 
with amino-N resulted in a higher concentration of ovule amino acids and lower 
concentrations of sucrose and reducing sugars compared to the water infused con
trols. Infusion with NH4N03 at 6 DAP also increased the concentration of ovule 
amino acids, but decreased the concentration of sugars (Table 2-1). At 20 DAP, both 
N treatments (NH4N03 and amino acids) had lower concentrations of endosperm 
sugars (both sucrose and reducing sugars), while only the amino acid treatment had 
a higher concentration of endosperm amino acids. In contrast, except for an increase 
in the concentration of endosperm amino acids at 6 DAP, there was no effect of in
fusion with sucrose on any of the measured parameters (Table 2-1). Based on this 
data, at least a portion ofthe N infused into N-deficient plants is partitioned to the 
ear where, similar to N's effect in vitro, it allows the kernels to use sugars for growth. 

Changes in some enzyme activities of C and N metabolism, while also sub
tle, further support the idea that stem-infused N has a direct impact on kernel me
tabolism (Table 2-2). The N infusion treatments, especially amino-N, had a large 
impact on the activity of aspartate transaminase, increasing it an average of 64% 
over water-infused controls. Nitrogen infusion also increased sucrose synthase ac
tivity (average of 15%), and while not statistically significant, had a tendency to 
increase the activity of soluble invertase (Table 2-2). Similar to kernel constituents, 
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Table 2-2. Effect of infusion with C and N assimilates on some enzyme activities of C and N metabo
lism in the endospenn of maize plants grown with low N. Soluble invertase was measured at 6 days 
after planting (DAP), while sucrose synthase and aspartate transaminase were measured at 20 DAP. 
Infusion treatments and controls are described in Table 2-1, and the data are the mean of 4 replica-
tions. 

Infusion treatment Soluble invertase Sucrose synthase Aspartate transaminase 

ilmol min-1 g-l dw 

Low N control 5.6 44 72 
Water 5.3 44 69 
Sucrose 5.6 45 68 
Amino acids 6.1 51 132 
NH4N03 6.5 50 94 
High N control 5.7 48 91 
LSD (0.05) ns 2 16 

infusion with sucrose did not affect the activity of any of the measured enzymes. 
Again, these data suggest that N has a direct impact on kernel metabolism by al
tering the activity of enzymes involved in C and N use. Unfortunately, we do not 
know how N regulates the gene expression or activity of these enzymes, which could 
be the subjects of additional investigation. 

Coincident with the lack of effect of sucrose infusion on kernel assimilate sta
tus or enzyme activity (Tables 2-1 and 2-2), there was also no effect of added su
crose on kernel set or grain production (Table 2-3). Because our infusion treatment 
provided for a rapid and substantial increase in plant sugar status (a total of 28 g 
of sucrose was stem infused over a 4-d period into plants containing around 30 g 
of non structural sugars), we do not believe that the lack of sucrose effects are due 
to an insufficient amount of additional sucrose. Rather, we believe the inability to 
reverse reproductive failure ofN-deficient plants with stem-infused sucrose shows 
that the effects of N on maize yield are not solely the result of a limitation in pho
tosynthesis and photoassimilate supply. Interestingly, this finding is in contrast to 
reproductive failure induced by water stress, which can be at least partially over
come by stem infusion with sucrose, but not by infusion with amino-N (Boyle et 
aI., 1991b, Zinselmeier et aI., 1995). 

The idea that N plays a direct role in grain development is further supported 
by the ability to partially alleviate the negative effects of N deficiency with stem 

Table 2-3. Ability of stem-infused C and N assimilates to overcome yield losses in maize induced by 
N deficiency. Infusion treatments and controls are as described in Table 2-1 and the data are the mean 
of 12 replications. 

Infusion treatment Grain weight Kernel weight Kernels 

g ear-1 mgkernel-1 no. ear- i 

Low N control 58 179 326 
Water 63 185 342 
Sucrose 63 189 334 
Amino acids 76 204 370 
NH4N03 85 230 373 
High N control 168 259 648 
LSD (0.05) 11 14 44 
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infused N (either as amino acids or NH4N03, Table 2-3). Compared to sucrose- or 
the water-infused control, stem infusion with N increased grain weight by an av
erage of 28% (21 % for amino acids and 35% for NH4N03). Surprisingly, this in
crease was primarily due to heavier individual kernel weights, as kernel number 
was not statistically affected by any of the infusion treatments (Table 2-3). This ef
fect is likely the result of the plant developmental stage when the infusion treatments 
occurred. Because the stalk internodes near the ear do not have a rind of suitable 
thickness for stem infusion until near flowering, the earliest we could initiate the 
infusion treatments was 4 d before pollination. Even though physiologically sig
nificant quantities of N were added to these plants via the N infusion treatments, 
we were only able to moderately recover the yield loss resulting from the initial N 
deficiency. Conversely, our high-N control plants, that were supplied with adequate 
N throughout their development, produced 2.9 times more grain weight than did 
low-N control plants, which was due to increases in both kernel number (99%) and 
kernel weight (45%) (Table 2-3). This difference implies that some of the effects 
of N status on kernel set are determined before flowering. Similar findings were 
reported by Pearson and Jacobs (1987) who used different timings of fertilizer N 
applications to show that high N availability from the onset of floral initiation had 
the greatest impact on kernel number and grain yield. Others, however, have shown 
that N affects mainly reproductive abortion (Lemcoff and Loomis, 1986), with most 
of the impact occuringjust after pollination (Below, 1997). These studies, combined 
with the data presented here, highlight the dependence of kernel set on sufficient 
N supply throughout plant development, and especially during floral initiation and 
pollination; while kernel size is primarily dependent upon N supply during repro
ductive growth. 

Our stem infusion results are somewhat similar to what we observed for in 
vitro grown kernels, whereby increasing plant sucrose level could not overcome N 
deficiency, but provision ofN to N-deficient plants allowed the kernel to use avail
able sugars for growth. While it is not completely clear how N facilitates this uti
lization, invertase-mediated uptake of sucrose from the apoplast is a logical possi
bility. Regardless of how N works, however, we believe these findings help to show 
that N does play an important and direct role in kernel development. A better un
derstanding of this role should aid in efforts to develop maize cultivars that use N 
more efficiently, which would have corresponding economic and environmental 
benefits for everyone. 
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