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Iaize breeding during the past 50 years has been associated with a delay of leaf senescence, but it
iz not clear whether this trait is likewise associated with higher grain yield in modern hybrids, Post-
silking growth, leaf area dynamics, photosynthetic parameters andyield were compared in modernmaize
hybrids differing in canopy senescence rate, In the first two experiments, four hybrids were grown in the
field at Balcarce, Argentina (37=45' 5, 58=18 W). [n spite of differences in chlorophyll retention and pho-
tosynithesis of the ear leaf, post-silking growth and grain yield were very similar in all four hybrids while

gg‘;;o;f:fd kernel N concentration was lower in the later-senescing hybrids. In a third experiment, a later-senescing
Maize (NK870) and an earlier-senescing (DKB82) hybrid were grown to analyze the potential photosynthetic
Senescence contribution of delayed leaf senescence, Leaf area and chlorophyll content were larger in NK870, espe-
Light interception cially at the lower canopy level (0.75m above the ground). However, hybrids did not differ for canopy
Photosynthesis light interception. Because photosynthetic photon flux density below 1m above the ground was less
Nitrogen than 10% of incident radiation and photosynthesis quantum yield did notchange during senescence, the

potential photosynthetic output of lower leaves below 1m was very low, Lower leaves of NKE70 had N
concentrations higher than those needed to sustain photosynthesis at the light conditions below 1 m.
Therefore, we show that delayed senescence does not necessarily improve post-silking C accumulation
because: (i) canopy light interception is not reduced by senescence except at very late stages of grain
filling; (ii) contrasting hybrids show more pronounced senescence differences at canopy levels receiving
less than 10¥ of incident radiation; (iii) delayed senescing hybrids presentlower kernel N concentrations
while extra M isretained in leaves exposed to a light limiting micro-environment. Delayed senescence at
lower canopy levels may be unproductive, atleast under non-stressing conditions.

@ 2014 Elsevier BV, All rights reserved,

1. Introduction

Maize grain yield increased significantly over the past 50 years.
For example, the rate of yield increase in Ontario (Canada) approxi-
mated 1.5% yr-! between 1940 and 1990(Tollenaar and Wi, 1999),
whereas average maize yields doubled between 1969 and 2007 in
Argentina (www.minagri.gob.ar). In part, this increase hasbeen due
to the release of improved hybrids. Genetic gains for yield equalled
13.2gm~2yr-! between 1965 and 1997 in Argentina (Luque et al,,
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2006). Genetic improvement of maize yield can be related to
increased tolerance to various types of stress (e.g., low soil water
and/or N availability, increased population density, competition
from weeds) and also to increased post-silking dry matter accu-
mulation (Tollenaar and W, 1999). To some extent, this has been
associated with an improvement in resource capture (light, water,
and nutrients ). Prolonged canopy functioning through delayed leaf
senescence is one of several traits that have contributed to the
increased yield potential of the new hybrids (Tollenaar and W,
1999; Valentinuz and Tollenaar, 2004,

In Argentina, maize canopy senescence proceeds at a rela-
tively slow rate (1.4 cm? per plant=C d-') until silking - 400-Cd
after silking, when rates of green leaf area loss climb to 5.5 cm?
per plant=Cd-! (Borras et al, 2003). The second, faster phase of
senescence coincides with the reproductive stage (Borras et al,
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2003). The onset and/or the rate of senescence varies depend-
ing on environmental conditions, year, population density, and
source-sink relations. Increased population density and decreased
source-sink ratios frequently accelerate senescence (Rajcan and
Tollenaar, 1999b; Borras et al, 2003; Valentinuz and Tollenaar,
2004; Antonietta etal, 2014). Compared to older genotypes, senes-
cence occurs later or at slower rates in modern hybrids (e.g.,
Valentinuz and Tollenaar, 2004; Duvicl, 2005), ie., chlorophyll
and photosynthetic activity persist longer after silking in modern
hybrids (Ding et al., 2005). In maize and sorghum, delayed senes-
cence is associated with increased C and N assimilation during the
grain filling period (Ma and Dwyer, 1998; Rajcan and Tollenaar,
1999a,b; Borrell et al, 2000a,b). Later-senescing hybrids of maize
exhibit increased source-sink ratios during grain filling, as implied
from their smaller decrease of stover mass compared to older,
earlier-senescing hybrids (Rajcan and Tollenaar, 1999a). This has
led to the proposal that anincreased source-sink ratio during grain
filling results in increased supply of assimilates to the roots in these
genotypes. Persistence of root activity might extend assimilation of
N up to physiological maturity. In fact, several studies have shown
that the percentage of grain N supplied by current N assimilation
during grain filling is larger in delayed senescence than in normally
senescing hybrids (Ma and Dwyer, 1998; Rajcan and Tollenaar,
1999b; He et al,, 2004).

In most hybrids, loss of green leaf area starts at the base of the
plant, and progresses upwards during reproductive growth (e.g.,
Sadras et al, 2000). A large part of the difference in chlorophyll
retention between earlier and later-senescing hybrids is expressed
in thelower, shaded leaves of the canopy (Heetal, 2005; Antonietta
et al, 2014}, where retention of chlorophyll and photosynthetic
capacity might not be utilized fully because of relatively low irra-
diance. For example, transgenic stay-green lines of tobacco did not
show a higher C gain (compared to wild type) because of the respi-
ratory costs associated with delayed senescence of unproductive
leaves in shaded parts of the canopy (Boonman et al,, 2006).

In Argentina, genetic gains for grain yield between 1965 and
1997 were related to an increase in kernel number, and this
was accompanied by increased post-silking accumulation of dry
mass and light interception extended up to physiological maturity
(Lugue etal., 2006). Increased lightinterception up to physiclogical
maturity suggests that genetic improvement of maize in Argentina
also involved a delay of leaf senescence, as reported by Valentinuz
and Tollenaar (2004 ) for North America and Ding et al. (2005) for
China. However, recent evidence shows that, in spite of these gains
in light interception, grain filling may still be source-limited in
modern, high-yielding Argentinean hybrids (Cerrudo et al, 2013,
which suggests that it might be advantageous to further delay
senescence. Although it seems clear from comparisons of older vs.
newer hybrids that genetic improvement over the past decades
delayed senescence in maize, growth and yield of contemporary
hybrids differing in their senescence behaviour has been studied
much less. To test the impact of delayed senescence on grain yield of
modern, contemporary hybrids of maize, we compared the dynam-
ics of leaf photosynthetic activity, post-silking growth, and grain
yield in four modern hybrids differing in their rates of senescence.
Additionally, we estimated the potential photosynthetic contribu-
tion of delayed senescence of lower leaves in hybrids with longer
persistence of functional leaves.

2. Materials and methods
2.1. Growth conditions

Field experiments were carried out at Estacidn Experimen-
tal Agropecuaria INTA Balcarce, Argentina (37245 5, 5818 W)

during the 2004-05 (Exp. I}, 2005-06 (Exp. II} and 2006-07 (Exp.
I} growing seasons. In Exps. I and II, four maize hybrids (DK682,
DK696, AX890and NK&70) weresown in arandomized block design
with three replicate plots per hybrid. Previous visual observa-
tions showed that canopy senescence occurred earlier in DK682
and DK696 (earlier-senescing) than in AX890 or NK&70 (later-
senescing), while, at the same time, these four hybrids had similar
days to silking and torelative maturity. Therefore, these contempo-
rary, modern hybrids seemed appropriate to compare the impact
of delayed senescence on yield and post-silking growth of maize.
To estimate the potential photosynthetic gains possibly due to
delayed senescence, two hybrids (DK682 and NK870) were chosen
for Exp. Il because they have similar kernel numbers but con-
trasting senescence behaviour, based on the results of Exps. I and
II. Each plot consisted of four rows, 10m long and 0.70m apart. At
sowing (October 18, 2004, October 24, 2005 and October 18, 2006),
three seeds were placed manually in each hill (0.2 m apart in each
row). After emergence, seedlings were thinned to 7 plants m-2.
Plots were fertilized with 30kgPha-! atsowing and 160 kgNha-!
at the V6 stage (Ritchie and Hanway, 1982) and watered by sprin-
kler irrigation as needed to prevent water deficits. Atrazine plus
acethoclor were applied at pre-emergence to control weeds.

2.2, Ledf areq, dry mass and yield determination

Two plants per plot, adjacentin the same row, were harvested at
regular intervals for dry mass and leaf area determinations. Plants
were separated into stem plus sheaths, leaf laminae, and ears. The
green area of each individual leaf blade was measured with a LiCor
LI3100 Area Meter, and all organs were dried at 60=C for at least4
days until constantweight was achieved.

At physiological maturity, all ears of plants in an area of 4.2m?
in each plot were harvested, threshed and dried at 60=C toconstant
weight Yield data were expressed as grain dry weight (g) per m-2.
Mean individual kernel weight (KwW) was determined by weighing
1000 kernels per replicate for each hybrid. Kernel number per plant
(KNP) was estimated on the basis of KW and grain yield, essentially
as in Echarte et al. (2000,

2.3, Earand leaf N concentration

In Exps. I and I, mature kernels were harvested at physiolog-
ical maturity, dried, milled to a fine powder and N concentration
(% on a dry mass basis) was measured after Kjeldahl digestion. In
Exp. IIL, leaves used for N determination were dried and weighed
separately, milled to a fine powder and their N concentration was
measured as indicated above.

24, Chlorophyll and photosynthesis measurements

To estimate leaf chlorophyll (chl) content, four to five measure-
ments evenly distributed along the length of the leaves from two
plants per plot were made with a SPAD 502 Chlorophyll Meter
(Minolta, Japan) and averaged. Photosynthesis was estimated from
chlorophyll fluorescence measurements (Exps. I, I and III) and
through gas exchange analysis with a portable photosynthesis sys-
tem in Exp. IIl. A pulse-amplitude modulated FMS2 (Hansatech,
UK) chlorophyll fluorometer was used to measure the effective
PSII quantum yield of maize leaves in the field, at midday. Care
was taken to make measurements on fully illuminated spots of
the leaves to estimate photosynthetic capacity at full irradiance.
Photosynthetic electron transport rate (ETR) was calculated as in
Rosenqvist and van Kooten (2003 ), except that, to account for the
changes in absorptance due to chl loss during senescence, leaf
absorptance was estimated from the relationship between absorp-
tance (measured with an integrating sphere; basically as in Long
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etal, 1996)and SPAD readings, determined in a parallel set of leaves
differing in their senescence stage.

To determine the responses of photosynthesis to irradiance in
maize leaves at different stages of senescence, net photosynthe-
sis of DK682 and NK870 was measured in Exp. Il at 360ppm
(0O, and photosynthetically active photon flux density (PPFD) lev-
els ranging from O to 1800 .mol photons m-2 s-! with a CIRAS2
Portable Photosynthesis System (PP Systems, UK). Leaves were
enclosedin the leaf assimilation chamber and allowed to acclimate
to 1800 p.mol photons m~2 s-1 PPFD provided by a set of LEDs at
25=C until photosynthesis reached a steady state. Thereafter, irra-
diance was lowered in steps of 200 pmol photons m-2s-! and
photosynthesis was measured at each irradiance level when the
steady state was reached (i.e, no change in photosynthesis in two
measurements 4-5 min apart). Below 200,.mol photons m-2s-1,
measurements were made at 100, 50 and O0p.mol photons m-2s-1,
The CO; assimilation quantum yield was calculated from the slope
of thelinear regression between photosynthesis and PPFD between
0 and 400 pmol photons m~2s-1. All leaves were light-saturated
above 1600 pmol m-2 s-1, therefore photosynthesis values at 1600
and 1800 pmol photons m-2s-! were averaged to calculate light-
saturated photosynthesis (Agat ).

2.5, Light interception

In Exp.1IIL, light interception profiles were determined (from silk-
ing to physiological maturity) at midday on sunny days with an
AccuPAR linear (1 m long) light meter (Decagon, WA, USA ). Briefly,
PPFD was measured 0.5m above the top of the canopy, and then
every 0.25m starting from the ground. For these measurements
the line sensor was placed diagonally covering all the distance
between two adjacent rows. To assess possible differences in the
profile of light interception between hybrids or due to senescence
progression, the profile of light interception across the canopy

Exp.1
70

was fitted to a linear model including canopy levels up to 90%
interception.

2.6. Model-based estimation of photosynthesis

In Exp. III, the expected net photosynthetic rate for the maxi-
mum irradiance within the canopy at 0.75, 1.25 and 1.75m above
the ground was estimated using the model described by Dwyer
et al. (1995). Percentage transmitted PPFD at different heights
within the canopy was fitted to two linear regression models, with
a breakpoint at 1 m, except for 81 days after silking (DAS) when
a single linear model fitted transmitted PPFD at all canopy lev-
els. Regression equations were used to calculate the percentage
of incident PPFD transmitted at 0.75, 1.25 and 1.75m above the
ground at 5, 31, 50 and 81 DAS, and these values were multiplied
by 2000 pmol m~2 s~! (which is a reasonable estimate of the max-
imum incident PPFD at this latitude during the maize grain filling
period) to give maximum incident PPFD at different canopy levels.

The following equation was used to calculatenet photosynthetic
rate at a given irradiance, Appep:

Apprp = of (1)
T + 1o/ Asar + D) — (1,/2000)]

where « is the quantum yield of net photosynthesis, I =PPFD, Ag,;

is the net photosynthetic rate at light saturation and D is the rate

of dark respiration ( Dwyer et al., 1995).

The quantum yield of photosynthesis (), CO; exchange at satu-
rating irradiance (i.e., Ag;+ ) and dark respiration, i.e., CO, exchange
calculated by extrapolation to darkness (D), were derived from the
photosynthesis-irradiance response curves. There were no signifi-
cant differences between both hybrids in the ¢, which remained
constant throughout the leaf life cycle at around 0.029. There-
fore, this o value was used for the calculation of Appep. Agyr and D
decreased during senescence, however the relationships between
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Fig. 1. Changes inthe chlorophyll content (SPAD units, panels A and B) and photosynt hetic electron transport rate (ETR, panels C and D) during senescence of the ear leaf
in Exp. I (A, C) and Exp. [ (B, D). Empty symbols and dazhed lines denote earlier-senescing hybrids (circles, DK682, diamonds, DEG5E). Solid lines and full symbols denote
later-zenescing hybrids (circles, NEST0, diamonds, AX290), Vertical bars show the standard ermor



32 HA Accigresiet al. / Europ. | Agronongy 59 (2074)29-358

Asy o D and SPAD measurements were the same for both hybrids.
As inputs in the calculation of Appep, average Aza+ and D values for
SPAD readings above or below 35 were used, depending on the
senescence stage of the leaf.

The net photosynthetic rate at saturating irradiance for the N%
concentration of the leaves (Aurrocey ) Was calculated from alinear
regression between A;,+ and leaf N% concentration.

2.7. Statistical analysis

Statistical analysis was carried out using the Statistica 5.1 soft-
ware (StatSoft, Inc.). Differences were analyzed by analysis of
variance (ANOVA) using mixed models and assumptions were
checked by Levene’s test. For Exps. I and I, DM accumulation, grain
yield, KNP, KW and kernel N concentration were analyzed using
experiment, hybrids and blocks as fixed factors. For Exp. III, green
leaf area per plant, leaf area per canopy level, average SPAD units,
leaf N% and ETR were analyzed separately for each sampling date
using hybrids and blocks as fixed factors. To assess the significance
of linear regressions the F-test was used (P<0.05).

3. Results

The hybrids employed in this study did not differ significantly
in the date of silking (i.e, silking occurred at around 90 days after
planting ), and there were also no differences in their time to phys-
iological maturity (occurring at around 150 days after sowing).
Hybrids differed markedly in terms of canopy senescence. In Exps. I
and II, mostleaves of NK870 and AX890remained visibly green until
grain maturity, while leaves of DK682 and DK696 were completely
dry (data not shown).

3.1. Post-silking decline of photosynthetic capacity (Exps. I and IT)

In both, Exps. I and II, chl content of the ear leaf started to
decrease 30-40 days after silking in DK682 and DK696. In con-
trast, chl levels decreased much less in NK&870 and AX890 (Fig. 1A
and B). Chl retention was accompanied by higher rates of photo-
synthetic electron transport under full irradiance in NK870 and
AX890 late in the grain filling period (e.g., 60 days after silking),
which was more pronounced in Exp. Il (Fig. 1C and D). Thus, NK870
and AX890 showed a delayed loss of photosynthetic capacity (i.e.,
delayed functional leaf senescence), relative to DK682 and DK696.

3.2. Post-sillking dry mass acaynulation, grain yield and N
concentration in kernels (Exps. I and IT)

Delayed leaf senescence in NK870 and AX890 might trans-
late into increased post-silking dry mass accumulation. However,
hybrids did not differ in post-silking DM accumulation (Table 1), in
spite of the comparatively longer persistence of green, photosyn-
thetically active leaves in NK870 and AX890.

There was no consistent difference in grain yield between ear-
lier and later-senescing hybrids, although grain yield of DK696 was
significantly lower than that of the rest of the hybrids (Table 1).
Hybrid differences were found for yield components. Kernel num-
ber per plant (KNP) was consistently lower in AX890 and DK696.
Kernel weight (KW) was higher in AX890 with no significant dif-
ferences within the rest of the hybrids (Table 1). Hence, for the
SG hybrids employed in this work, AX890 and NK870, there was
not a consistent trend for yield components associated with the SG
trait. In contrast, a consistent trend was found for N concentration
in kernels, which was lower in the later-senescing hybrids regard-
less of a significant experiment x hybrid interaction (Table 1). In
Exp. I, N% in kernels was significantly lower (below 1.19%) in the

<o 7000
6000 g”“w_]' .
5000 | N
4000 | A N
3000 -
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'_._|

0 20 40 60 30 100
Days after silking

Fig. 2. Green leaf area per plant (cm? plant~') during the grain filling period. Ver-
tical bars represent the standard error. Astersks indicate significant differences at
F=0.05 Empty symbols denote the earlier-senescing hybrid DKE82, while closed
symbols denote the later-senescing hybrid NMIKE70,

later-senescing hybrids NK&870 and AX890. In Exp. II, hybrid dif-
ferences remained between the earlier-senescing DK682 and the
later-senescing NK870 (Table 1). Interestingly, consistently higher
(P<0.001)yields in Exp. Il for all hybrids, led to a reduction in N% in
lernels in the earlier-senescing hybrids (a dilution in kernelNc), but
to an unchanged (NK870) or even increased (AX890) N% in kernels
in the later-senescing hybrids.

3.3. Vertical profiles of leaf senescence (Exp. IIl)

To understand the impact of the delayed senescence trait at the
canopy level, in Exp. Il we studied whole canopy senescence in
DK682 and NK&70, which were chosen as representatives of rel-
atively early and late senescing types, respectively. NK&70 and
DK682 did not differ in whole plant green leaf area (GLA) at 5 DAS
(Fig. 2). The decrease of green leaf area started earlier (5 DAS) in
DK682 than in NK&70 (31 DAS). Between 31 and 81 DAS, senes-
cence progressed at a higher rate in DK682 (1.1% leaf area day—';
calculated as the slope of a linear regression fitted to the data of
Fig. 2) than in NK870 (0.8% leaf area day-'). Because of the delay
in the initiation of senescence, and the lower rate of leaf area loss,
NK&70 maintained a higher GLA than DK682 at late stages of grain
filling. Note thatrates of canopy loss in DK682 are similar to those
of modern hybrids classified as “stay green” in comparison with
older genotypes (Valentinuz and Tollenaar, 2004).

Progression of leaf senescence in different layers of the canopy
was characterized by following the changes in green leaf area (GLA)
and chl content at 0.25m intervals above the ground. At 5 DAS,
the vertical distribution of GIA was very similar in NK870 and
DK682 (Fig. 3A). Thereafter, leaves below 0.75 m started to senesce
at a faster rate in DK682 than in NK870, leading to higher GLA at
0.25-0.75m in NK870 at 31 DAS (Fig. 3C). In the upper part of
the canopy, GLA started to decrease after 31 DAS; however, dif-
ferences between hybrids did not occur before 66-81 DAS (Fig. 3G
and I). Bottom-up and top-down senescence resulted in GLA per-
sistence around the ear (1.25-1.50m above the ground) at 50 and
81 DAS (Fig. 3G and I, particularly in NK&70. In summary, NK&870
retained a significantly larger GLA during grain filling, but up to
66 DAS this was restricted to the lower part of the canopy (below
0.75m). After 66 DAS, differences extended to the central leaves
of the canopy (1.00-1.25m) and, since 81 DAS, also to the upper
leaves (1.25-1.75m).

Chlorophyll content of leaves (chl) varied between hybrids, even
before GLA differences could be detected (compare Fig. 3A and B).
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Table 1

Post-silliing dry matter (D) accumulation, grain yield, kernel number, average kemel weight and kernel N concentration (%) at harvest in the eardier-senescing hybrids

DEERZ and DKEEE, andthe later-senescing hybrids NEST0 and AX 250,

Exp Hybrid Post-zilliing DI Grain yield Kernel number Kemnel weight Kemel N
accurmlation (g pl=t) {gm~?) (m=2) {mglkernel™!) concentration (%)

I DEGE2 142 1312 4415 297 1.53a
DEE96 150 1067 3702 280 1.37b
NIE70 145 1347 4451 302 1.18¢
AXELO 172 1281 3674 348 0,854

II DEGE2 122 1470 4654 316 1.36b
DEE96 111 1322 4668 283 1.26be
NIE70 148 1510 5086 297 1.14¢
AXELO 134 1444 4324 334 1.24be
P(Exp) NS NS NS
F(Hybrid) NS
F(ExH) NS NS NS NS

* P<0,085,
" P<0,01,
Tt P=0,001,

At 5 DAS, chl content was slightly higher in NK&70 between 0.75
and 1.75m (Fig. 3B ). At31 DAS, in NK870, all leaves (except for the
highest one) contained higher chl contents than DK682. In most
canopy layers, and particularly around and below the ear (1.25m)
chl content decreased progressively in DK682 since 5 DAS while
in NK&70 chl remained almost unchanged up to 81 DAS (Fig. 3]).
Therefore, differences between hybrids for chl content at different
canopy layers amplified during grain filling. Remarkably, at 50 DAS
(and even at 81 DAS), leaves around the ear in NK&70 were still
non-senescent, showing no change in their chl content.

3.4 Ledf N concentration and photosynthetic electron transport
rate of leaves in different positions within the canopy (Exp. Iil)

To determine if the loss of photosynthetic capacity was delayed
atall canopy layers in NK&70 relative to DK682, we measured leafN
concentration and photosynthetic electron transport rate (ETR) in
basal, mid and upper canopy leaves (Fig. 4). In the earlier-senescing
DK682 hybrid, N concentration and ETR in fully illuminated parts
of the leaf laminae (ie, an estimate of photosynthetic capacity)
decreased after silking in basal leaves (0.75 m), reaching very low
or non-detectable values after 50 DAS (Fig. 4E and F). Compared
to the lower layer, at the mid and top of the canopy loss of N was
less pronounced, and the decline of ETR started later (31 DAS) in
DK682 (Fig. 4A-D). The later-senescing hybrid NK870 maintained
higher levels of N at all canopy levels, but particularly at the lower
leaves. InNK&70, at0.75 m, N loss was delayed until 66 DAS (Fig. 4E),
while for mid (1.25m) and upper (1.75m) leaves no apparent N
loss was observed up to 81 DAS (Fig. 4C and A). In general, N reten-
tion in NK&70 paralleled its higher photosynthetic capacityinbasal
leaves since 31 DAS, while in mid and upper leaves higher photo-
synthetic capacity was noticed even at 81 DAS(Fig. 4D and B). Thus,
photosynthetic capacity persisted longer at all positions within
the canopy in NK870, and this was associated with retention of
leaf N.

3.5 Light interception (Exp. Il)

Delayed leaf senescence might not only increase the photosyn-
thetic capacity of individual leaves, but it might also lead to more
efficient light capture by the canopy, particularly at late stages of
grain filling. The percentage of light transmitted decreased from
the top to the bottom of the canopy (Fig. 5). Progression of senes-
cence between 5 and 50 DAS did not increase the amount of light
transmitted to the soil level. Also, in spite of their differences in

green leaf area persistence, there were no differences in transmit-
ted light between hybrids up to 50 DAS (compare data points at
Ocm in Fig. 5A and B). The change in percentage transmitted light
throughoutcanopy layers was also similar at 5,21 and 50DAS, and
between hybrids {compare slopes in Fig. 5A and B). Differences in
light interception could be detected only at 81 DAS, when DK682
and NK870 had lost 76 and 45% of their maximum GLA at silking,
respectively (see Fig. 2.

3.6. Changes in quantum yield and in light-saturated CO;
exchange during leaf senescence (Exp. Ill)

Clearly, NK870 retained leaf photosynthetic capacity (measured
as photosynthetic electron transport rate in fully illuminated spots
of leaves) much longer than DK682, but this extended capac-
ity might not be translated into C gain in leaves under limiting
irradiance (e.g., at lower canopy levels). Therefore, we studied
the CO, exchange-PPFD responses of leaves at different stages
of senescence to estimate the potential photosynthetic gain from
senescence delay in the later-senescing hybrid. The quantum yield
of photosynthesis (i.e., the slope of the relationship between CO;
exchange rate and PPFD below 400 j.mol photons m-2 s-1 ) was the
same regardless of hybrid (0.0293 and 0.0292 forNK870 and DK682,
respectively). The quantum yield was not related to the chl con-
tent of the leaves, ie, it did not show significant changes related
with senescence (Fig. 6A). In contrast, light-saturated photosyn-
thesis [Agar ) was linearly related to leaf N concentration (r? =0.52,
P<0.001, n=20; Fig. 6B ).

3.7. Photosynthesis calaulated on the basis of irradiance or leaf N
concentration (Exp. IfI)

Photosynthesis at the average irradiance expected at midday
for a sunny day (Appep ) at 0.75, 1.25 and 1.75 m above the ground,
was estimated using the model described by Dwyer et al. (1995)
(EqQ. (1)). Aprpp increased from the base to the top of the canopy.
Since lightinterception profiles did not vary much between hybrids
exceptat the latest sampling date (Fig. 5, there were no differences
in Apprp between NK870 and DK682 for most of the grain filling
period (Table 2). At 50 DAS, Apepp at 1.75 m was higher in NK&70
than in DK682 probably because of maintenance of photosynthetic
capacityin the delayed senescence hybrid. Mostimportant, Apeep of
lower leaves retained in NK&70was not very different from DK682,
in spite of a large difference in terms of the decline of leaf N, chl
and photosynthetic capacity.
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1.75-2.00
1.50-1.75
1.25-1.50
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Fig 3. Vertical distribution of green leaf area (cm?, left column), and average chlorophyll content of individual leaves (SPAD units, right column) during the grain filling
perind in an earlier-senescing (DKEA2, grey bars) and a later-senescing (NES70, blacl bars) hybrid of maize in Exp. [II. Horizontal bars re present the standard error, Asterisks
indicate significant differences between hybrids at P<0.05.

On the basis of data presented above (see Figs. 5 and 6), we
analyzed whether the leaves retained at lower canopy levels in
NK&70 contained higher levels of N than those needed to sustain
photosynthesis at those low irradiances. The predicted maximum

leaf photosynthetic activity at saturating irradiance based on leaf
N concentration, Ayrrogen. varied in parallel with leaf N concen-
tration. In DK682, Aymocen declined faster for the lower leaves
(0.75m) than for the upper leaves (1.75m), and it remained at
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at P« 0.05,

intermediate but relatively constant values for the ear leaf (Table 2).
The main difference between DK682 and NK&70 was the delayed
decline of Ayrrrocrr i the lower leaves of NK870, which retained
higher Ayrrogen €ven up to 50 DAS. For a leaf at 0.75 m, Anrtrocen

Table 2

was much higher than Appep in NK870between30and 50DAS, ie, N
retention in the lower leaves led to an excess of N in relation to that
needed to sustain photosynthesis at the low irradiances prevailing
at the base of the canopy.

Photosynthetic activity estimated for the maximum prevailing PPFD at each canopy position (Appep, caloulated from the model of Dwyer et al, 19557 and photosynthetic
activity expected onthe basis ofleaf ¥ concentrationunder full irradianee (Anrogen, calculated from the fitted equation in Fig. 6B). For allthe computations the datautilized
were obtained from me asurement s performed at Exp. 11, in leaves at different canopy heights, in different stages duringthe grain filling pedod, and forthe earlier-senescing
DGR and the later-senescing NEST0 hybrids M.D.: not determined, because very little green leaf arearemained inthese layers at 81 DaA,

Canopy height Das DEIERL MEBTO
Appep (Lmol Oy m—2571) Anrrrocen (pmolCOy m=2 571) Appep (ol COy m-25-1) Anrrogen (PmolCOy m=2571)
0.75m 5 3.4 222 3.03 15.1
31 2.5 53 3.34 22
50 2.5 0.8 338 163
21 N.D. N.D. N.D. N.D.
1.25m 5 7.8 273 10.5 164
31 11.8 168 112 258
50 53 17.5 i 182
21 G4 11 15.1 213
1.75m 5 17.4 285 187 2B.B
31 18.6 151 182 253
50 2.8 147 17.5 15.1
21 N.D. N.D. N.D. N.D.
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Fig 5. Percentage of photosynthetically active radiation (PPFD) transmitted at dif-
ferent heights withinthe canopy. Upperpanel, empty symbols: DEEE2; lower panel,
closed symbols: MIKBT0, Measureme nts were talien at different stages after silling:
S DAS (diamonds), 31 DAS (squares), 50 DAS (triangles) and 81 DAS (circles). At 5,
31 and 50 DAS, % PPFD transmitted above 1 mwas fitted to linear regressions where
% represents height. Slopes did not vary marle dly between DEKGE2 and MEB70 at §
DAS (74.5 and 70.4, respectively), 31 DAS (61.0 and 65.9), 50 DAS (73.4 and 73.7).
At 81 DAS, % PPFD transmitted from 0 to 2 m was fitted to a linear regression, and
the slopes were 35.4 for DGR and 42.0 for MESTO.

4. Discussion
4.1. Delay of functional senescence in Argentinean hybrids

There is evidence that genetic gains in yield over the past
decades involved the incorporation of delayed senescence, i.e., the
‘stay-green’ traitin North America(Valentinuz and Tollenaar, 2004
and China (Ding et al, 2005). In Argentina in particular, genetic
improvement resulted in increased post-silking dry matter accu-
mulation and extended light interception, which suggests a delay
of canopy senescence (Luque et al,, 2006). There are different types
of delayed-senescence genotypes (‘stay-green’ ) which may differ
in the underlying mechanism res ponsible for senescence delay and
in their usefulness for agriculture (Thomas and Howarth, 2000).
Some are cosmetic and of no agronomic interest, because they
retain chlorophyll and chloroplast membrane proteins in senescing
leaves but photosynthetic activity declines more or less in parallel
with that of wild type genotypes (e.g., cytG of soybeans, Guiamét
et al, 1990; Sid? of Festuca sp., Thomas and Howarth, 2000). In
contrast, all the delayed senescence maize and sorghum genotypes
characterized so far appear to be functional ‘stay-greens’, i.e., the
decline of photosynthetic capacity is delayed (e.g., He et al,, 2002;
Ding et al., 2005). In this study, NK870 and AX890 showed a delay
of senescence, expressed not only as chlorophyll retention but also
as extended photosynthetic capacity at the leaf level, compared
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Fig. 6. Photosynthesiz quantum yield az a function of chlorophyll content (SPAD
units) (A) and light saturated photosynthesiz (Asat) az a function of leaf N% con-
centration (B) measured in Exp. [IL Measurements were made in leaves at different
canopy pozitions (075, 1.25 and 1.75m) and at different stages during grain filling
(5, 31, 50 and 81 DAS), At 81 DAS, measurements could not be taken in senesced
leaves from all canopy layers of DEER2 (n=5) and from the lower canopy layer
of NESTO (n=11); as a mesult, n=20 in each regression. Empty symbols denote
the earlier-senescing hybrid DEER2, and closed symbols denote the later-senescing
hybrid NKB70.

to DK682 and DK696. Thus, NK870 and AX890 are functional stay
green types.

4.2. Delayed senescence did not increase light interception by the
canopy up until late stages of grain filling

In addition to extending photosynthetic capacity, delaying the
loss of green leaf area might also increase light interception by the
canopy. Although the loss of green leaf area started later and pro-
ceeded at aslower rate in NK870 than in DK682, integrated canopy
light absorption averaged 90-95% in both hybrids between 5 and
50 DAS (when grains had already reached 90% of their final weight,
datanotshown ). The amountofintercepted light(i.e., the reciprocal
of ransmission) was higher in NK870 only at 81 DAS, close to phys-
iological maturity, and even at this stage canopy interception was
90% in the late senescing NK870, compared to 70% in the earlier-
senescing DK682. Much of the green leaf area maintained in NK870
involved the relatively large leaves of the canopy below 1 m, where
light interception seems to be saturated at approximately 95% of
the incoming PAR (i.e, increases in green leaf area below 1 m have
no effect on lightinterception). Therefore, retention of these leaves
did not contribute to increase light interception, whereas retention
of upper leaves later during grain filling was also not very impor-
tant in view of their smaller size. Overall, delayed senescence had
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avery small effect on light interception by the crop, and this effect
became important only quite late, when grain filling was almost
complete.

A substantial part of the delay of leaf senescence in the late-
senescing hybrid NK870involved lower leaves exposed to limiting
irradiance. Modelling the predicted photosynthesis of these lower
leaves shows that their potential contribution to C gain is quite
small (Table 2). However, respiratory costs associated with their
maintenance might impose a substantial burden on the C budget
of the plant, as shown for a delayed senescence line of tobacco
(Boonman et al,, 2006). In modern maize hybrids, Antonietta et al.
(2014) showed that in a ‘stay-green’ hybrid respiratory rates of
lower leaves are maintained unchanged even at late stages of grain
filling (500+=C d after silking )while, as a consequence of senescence,
respiration drops to zero in an earlier-senescing hybrid. Therefore
the net effect on the C balance of retaining lower, shaded leaves
might be even counterproductive.

4.3. The delayed-senescence trait may be associated with higher
Nretention in lower leaves but also with lower N concentration in
kernels

In herbaceous plants, the distribution of leaf N along a vertical
gradient is partly controlled by the average integrated PPFD inci-
dent on each leaf (Drouet and Eonhomme, 1999; Rousseaux et al.,
1999),i.e., leaves at the base of the canopy exposed to low PPFD con-
tain lower N concentrations. Lower, shaded leaves start to senesce
earlier than other leaves of the canopy (e.g., Sadras et al., 2000),
possibly in response to the decline in PPFD and red:far red ratio of
incident light {Guiamét et al,, 1989; Rousseaux et al., 2000). Since
ears are the main sink for N after silking, and much of leaf N is
redistributed to ears during senescence, delayed senescence and
retention of N in leaves might cause a decrease of kernel N concen-
tration if there is not a concomitant increase in N uptake. Previous
works showed that the stay-green trait in maize is not necessar-
ily linked with higher post-silking N accumulation (Subedi and Ma,
2005; Antonietta et al, 2014). In those cases, a higher N retention
in the lower leaves of delayed-senescence genotypes, such as that
found in the presentwork (Fig. 4) mightbe partially associated with
a lower N concenftration in kernels (Table 1).

For leaves at different positions within the canopy and at differ-
entstages of grain filling, we calculated maximum photosynthesis
at full PPFD for the N concentration of leaves, and photosynthe-
sis at the maximum irradiance that those leaves might experience.
Lower canopy leaves of NK870 retained N in excess of that needed
to maximize photosynthesis at the low irradiances prevailing at
the base of the canopy. Thus, delayed senescence and N retention
in lower leaves might represent a penalty for N accumulation in
lernels, without positive effects on canopy photosynthesis.

4.4 Photosynthetic performance in stay-greens and its potential
impact on grain yield

Maize grain yield may be limited by source activity (Borras and
Otegui, 2001; Borras et al, 2004}, and this limitation may have
increased in modern hybrids with a higher number of kernels per
plant (e.g., Cerrudo et al, 2013), therefore, delayed-senescence
genotypes might out-yield normally senescing types by extend-
ing the photosynthetic activity of the canopy. However, in the
present worl, in spite of the persistence of photosynthetic capac-
ity in NK870 and AX890 compared to the earlier-senescing hybrids
DK682 and DK696, there was no consistent advantage of the
delayed senescence hybrids in terms of post-silking dry mass
accumulation or grain yield. This is in contrast to a number of
previous works where the ‘stay-green’ trait is associated with the
yield advantage of modern vs. old hybrids (Rajcan and Tollenaar,

1999a; Valentinuz and Tollenaar, 2004; Ding et al, 2005). On the
other hand, our results are consistent with those of Antonietta
et al. (2014), where the ‘stay-green’ trait did not lead to higher
post-silking dry matter accumulation, nor to higher yields within
modern Argentinean hybrids differing in senescence behaviour.

In older genotypes, leaf senescence started very early (e.g., in
maize hybrids released in the 1950s the photosynthetic capacity
of the earleaf decreased very rapidly starting 2 weeks after silking,
e.g, Ding etal, 2005). Also, canopy green leaf area declinewas much
faster than in modern hybrids (e.g., around 2.85% day-! for the
older, non ‘stay-green’ Pride 5 hybrid released in the 1950s, com-
pared to around 1.40% day-! for the newer, ‘stay-greens’ Pioneer
3902 and Pioneer 3893 released in the 1980s and 1990s, respec-
tively, Valentinuz and Tollenaar, 2004). Delaying rapid canopy
senescence, particularly at the relatively lower planting densities
(and therefore greater light penetration within the canopy) typ-
ical of previous decades, clearly extended C gain by the crops
and, thereby, increased grain yield. In contrast, all the modern
hybrids used in the present work, whether relatively earlier- or
later-senescing, would be classified as stay green types compared
to the behaviour of older hybrids from the 50s or 60s (Valentinuz
and Tollenaar, 2004), For example, the rate of green leaf area
loss, even in the earlier-senescing hybrid DK682 is still relatively
slow (1.1% of plant leaf area day-') compared to senescence rates
reported in previous studies carried out in Canada, both for older
and even for modern hybrids (e.g., Valentinuz and Tollenaar, 2004 ).
Thus, in contemporary Argentinean hybrids, differences in post-
silking loss of green leaf area between earlier and later-senescing
hybrids are smaller than in published comparisons between older
vs. newer genotypes (i.e., all our modern genotypes are relatively
“stay green”). As a consequence, significant differences in leaf area
and light interception occur only towards theend of thegrain filling
period, when surplus assimilate production might not be converted
into a larger grain yield because kernels are probably close to their
maximum, final weight.

5. Conclusions

Itis clear that over the past decades breeding programmes have
delayed maize senescence (e.g., Valentinuz and Tollenaar, 2004;
Luque etal.,2006) and this contributed to the increased yield poten-
tial of modern hybrids, however, a point may have been reached
where further delays of leaf senescence may not necessarily lead
to increased grain yield in temperate maize crops under relatively
non-stress situations. Fromour comparison of modern Argentinean
hybrids differing in their senescence behaviour it is clear that (1)
further delaying senescence may increase light interception very
late, when kernels may not utilize this potential surplus of C, (2)
most of the delay of senescence involved the lower leaves, where
irradiance severely limits photosynthesis and (3 ) senescence delay
(with retention of leaf N) of leaves in basal, poorly illuminated
layers of the canopy may represent a penalty on kernel N accumu-
lation. This probably offsets any potential gains due to extended
duration of photosynthetic capacity in fully exposed leaves. Over-
all, this may explain the lack of a consistent increase of grain yield
in the later-senescing hybrids used in this study. However, the
delayed-senescence trait may still offer a yield advantage under
conditions where biotic (e.g., leaf diseases) or abiotic (e.g., water
deficit) stresses accelerate senescence and thereby limit photosyn-
thesis and crop growth.

Modern, high-yielding hybrids may be subject to source-
limitations even in the absence of abiotic stress (Cerrudo et al.,
2013), and increasing C supply in these genotypes might have a
positive effect on yield. To meet this need, the delay of senes-
cence should be fine-tuned, both in time and space. It is clear
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that maintenance of photosynthetically competent leaves in lower
layers of the canopy can be useless (even counterproductive) at
the relatively high planting densities normally used nowadays in
commercial maize production. Therefore, breeding efforts might
be directed towards delaying senescence of leaves around the ear,
i.e., genotypes with the top-down bottom-up pattern of senes-
cence (Valentinuz and Tollenaar, 2004 ). Pommel et al. (2006) and
Antonietta et al. (2014) reported on maize hybrids where senes-
cence of lower leaves is not delayed compared to a reference
genotype, while senescence of the upper leaves and leaves around
the ear is substantially delayed. Thus, it might be possible to breed
for hybrids where most of the senescence delay occurs in the more
productive mid and upper thirds of the canopy, thereby avoiding
N retention in unproductive, shaded leaves. Additionally, later-
senescing hybrids with a moreerectophile canopy (and, therefore, a
lower light extinction coefficient) could increase light penetration
to lower leaves and thereby, make persistence of photosynthetic
capacity in the lower leaves a productive trait.
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