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Abstract

Organ senescence is an important developmental process in plants that enables recycling of nutrients, such as
nitrogen, to maximize reproductive success. Nitrogen is the mineral nutrient required in greatest amount by plants,
although soil-N limits plant productivity in many natural and agricultural systems, especially systems that receive little
or no fertilizer-N. Use of industrial N-fertilizers in agriculture increased crop yields several fold over the past century,
although at substantial cost to fossil energy reserves and the environment. Therefore, it is important to optimize nitro-
gen use efficiency (NUE) in agricultural systems. Organ senescence contributes to NUE in plants and manipulation
of senescence in plant breeding programs is a promising approach to improve NUE in agriculture. Much of what we
know about plant senescence comes from research on annual plants, which provide most of the food for humans.
Relatively little work has been done on senescence in perennial plants, especially perennial grasses, which provide
much of the forage for grazing animals and promise to supply much of the biomass required by the future biofuel
industry. Here, we review briefly what is known about senescence from studies of annual plants, before presenting
current knowledge about senescence in perennial grasses and its relationship to yield, quality, and NUE. While higher
yield is a common target, desired N-content diverges between forage and biofuel crops. We discuss how senescence
programs might be altered to produce high-yielding, stress-tolerant perennial grasses with high-N (protein) for forage
or low-N for biofuels in systems optimized for NUE.

Key words: Bioenergy, biomass, NAC transcription factor, nitrogen remobilization, perennial grass, senescence, sustainability,
switchgrass.

Nitrogen, NUE, and plant senescence

Nitrogen (N) is an essential element in many biomolecules,
including nucleic acids, which encode genetic information, and
proteins, which perform the chemistry of life and fulfil other
functional as well as structural roles. Low concentrations of
available N limit primary production of plants and other auto-
trophs in natural and agricultural systems (Marschner, 1995;
O’Neill et al., 2004; Elser et al., 2007). Massive use of indus-
trial N-fertilizers relieved the N-limitation in many agricul-
tural systems and contributed to the Green Revolution during

the second half of the 20th century. Global fertilizer-N use
increased ten-fold, to over one hundred million tonnes, while
production of cereal grains increased three-fold and the popu-
lation more than doubled between 1961 and 2009 (Godfray
et al., 2010; FAO, 2012). Fertilizer use has doubled the flux of
N through the terrestrial N-cycle (Canfield et al, 2010) and
loss of reactive-N from agricultural systems damages ecosys-
tems and human health, and impacts climate (Michael Beman
et al., 2005; Galloway et al., 2008; Sutton et al., 2011). Current
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rates of fertilizer-N use are probably unsustainable (Rockstrom
et al., 2009). Despite this, the use of fertilizer-N is projected to
increase to meet the demands of the growing global population
(Ladha and Chakraborty, 2016). There is room for optimism,
however, as several strategies have been identified that could
reduce the amount of fertilizer-N needed by agriculture glob-
ally for food, feed, fiber, and fuel production. These include:
greater use of legumes that add N into agricultural systems via
symbiotic nitrogen fixation in a sustainable manner (Bohlool
et al., 1992; Herridge et al., 2008; Biswas and Gresshoft, 2014);
increased N use efficiency (NUE) at the field scale through bet-
ter management of the type, amount, and timing of fertilizer
application (Frink et al., 1999; Cassman et al., 2002); improved
management of planting density, planting and harvesting
times, water, other nutrients, and pest and pathogen control to
ensure optimal yields and NUE of crops (Alam et al., 2013;
Chu et al., 2016); selection and breeding of plant cultivars that
capture fertilizer-N and convert it to food and feed protein
more efficiently (Saengwilai et al., 2014a, 2014b; Lynch and
Wojciechowski, 2015); genetic engineering for greater NUE
in crop species (Xu et al., 2012); development of chemical or
biological strategies to interfere with microbial turnover and
loss of fertilizer-N from agricultural systems (Subbarao et al.,
2009); development of associative nitrogen fixing symbioses
in non-legumes (Chen et al., 2011, 2014; Santi et al., 2013);
and synthetic biology approaches to biological and symbiotic
nitrogen fixation in plants (Rogers and Oldroyd, 2014; Mus
et al., 2016). Off the farm, the demand for food and its asso-
ciated requirement for fertilizer-N could be reduced by mini-
mizing food spoilage before it reaches consumers and waste
afterwards. It is estimated that spoilage and waste account for
approximately one-third of food production, so there is great
scope here for reducing the need for fertilizer-N (Gustavsson
et al., 2011). Dietary choice is another means of reducing the
amount of fertilizer needed to produce a unit of food protein,
with vegetarian diets requiring fewer fertilizer-N inputs than
meat-based diets, although much of the land that is used for
animal production is not suitable for food-crop production
(Pimentel and Pimentel, 2003; van Zanten et al., 2016). On the
other hand, substantial cropland is devoted to producing grain
for animal production rather than direct human consumption.
Finally, there is huge variation in the rates of N-fertilizer appli-
cation in different regions of the world (Mueller ez al., 2012),
and scope to increase yields dramatically in the poorest regions
with relatively modest N-inputs. In other words, global food
production could be increased substantially at current rates of
N-fertilization simply by using fertilizer where it is most needed
and where the protein produced from each additional unit of
N is greatest. Clearly, there are many opportunities to improve
NUE in agriculture. One of these, related to improving plant
NUE, is the optimization of plant senescence to conserve N in
perennial systems or to maximize protein production and over-
all yield in seed and vegetative organs of annual and perennial
systems for food or forage.

NUE is a measure of how efficiently input-N is converted
into harvested product, either total biomass or harvested-
N (Masclaux-Daubresse et al., 2010). Measuring N-inputs
and N-outputs in harvested material along with soil-N prior

to fertilization and after harvest enables calculation of true
NUE and estimates of losses to the surrounding environ-
ment, which is important in the context of agricultural sus-
tainability. Measuring losses of N from agricultural systems
directly, as gaseous-N, leaching, and erosion losses, is a more
challenging enterprise (Sutton et al., 2007).

At the plant level, NUE depends on the efficiencies of vari-
ous physiological and biochemical processes from transport of
soil-N into roots to N- and C-metabolism and accumulation in
harvested plant parts. It can be divided into two components:
N-uptake efficiency and N-utilization efficiency. The latter
encompasses N assimilation and deployment for photosyn-
thesis and growth, and N remobilization efficiency (NRE) for
growth of new vegetative and reproductive organs, including
seed. NRE from vegetative organs explains much of variation
in grain yield in wheat, for instance (Barraclough et al., 2010).
Crop NUE is determined not only by plant processes, but also
by physical, chemical, and biological processes occurring in
the soil, which compete for N and otherwise remove it from
the crop rhizosphere. Management practices also impact crop
NUE, as mentioned above (Alam et al., 2013; Chu et al., 2016).
Thus, systems-based approaches that incorporate the many fac-
tors affecting N uptake and utilization by plants are required
to understand and improve overall NUE in agriculture.

Recent reviews of NUE and leaf senescence in annual crop
species provide a useful starting point for exploring these pro-
cesses in perennial grasses (Masclaux-Daubresse ez al., 2008,
2010; Garnett et al., 2015).

Plant senescence and nutrient
remobilization

Senescence is the last developmental stage prior to death of an
organ or the whole plant (Lim et al., 2007; Rapp et al., 2015).
Macromolecule degradation and nutrient remobilization dur-
ing senescence allows plants to reuse endogenous nutrients
(Himelblau and Amasino, 2001; Buchanan-Wollaston et al.,
2003; Gregersen et al., 2008). Developmental senescence is
primarily an age-based process, which is controlled by both
internal and external seasonal cues and generally mediated
by hormones (Jibran et al, 2013). Various external stresses,
such as extreme temperatures, high or low irradiation, water/
nutrient deficiency, and pathogen infection, may induce pre-
cocious senescence that enables plants to reinvest nutrients
for growth elsewhere in the plant and, in the case of biologi-
cal attack, to constrain the invader (Lim ef al., 2003; Fischer,
2012; Rapp et al., 2015).

For annual staple crops such as wheat, rice, maize, and
soybean, leaf senescence usually coincides with reproduc-
tive development, perhaps in response to signals of resource
demand in the nascent sink tissues (Noodén and Penney, 2001).
Nutrients remobilized from leaves and stems are used primar-
ily for seed (grain) production following flowering, ensuring
maximal reproductive success. Greater N remobilization from
flag leaves resulted in increased protein and micronutrient con-
tents in wheat and rice grain (Uauy et al., 2006b; Liang et al.,
2014). Grain yield and quality are closely related to nutrient
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remobilization efficiency of crops, although grain yield and
protein content generally are negatively related (Bogard et al.,
2010). It was estimated that small-grained cereals such as rice,
wheat, and barley may mobilize up to a maximum of 90% of
the N in vegetative organs to the grain, although this varies
with species and genotype (Barbottin et al., 2005; Kichey et
al., 2007; Gregersen et al., 2008). In pea, N remobilization
from vegetative organs contributed up to 71% of the total N in
mature seeds borne on the first two nodes (first stratum; Schiltz
et al., 2005). Nonetheless, a substantial proportion of nutri-
ents remains in leaves and stems after senescence. For example,
about 7.0 kg N, 1.1 kg P, and 9.7 kg K remained in each tonne
of corn stover under field conditions (Johnson et al., 2010). If
such stover is removed from the field, matching amounts of
fertilizer must be added to maintain soil fertility.

Most perennial grasses, including dedicated bioenergy crops
such as switchgrass, miscanthus, and giant reed, cease vegeta-
tive growth after entering reproductive development, unlike
many dicots (Moore et al., 1991). Following anthesis and pol-
lination, all above-ground organs (leaves, stems, and spikes)
undergo senescence annually, at least under natural conditions
in the field. In addition to supporting seed production, a por-
tion of the nutrients remobilized from leaves and stems of per-
ennials is allocated to underground organs (roots, rhizomes,
and crowns; Lemus et al., 2008; Heaton et al., 2009; Nassi o
Di Nasso et al., 2011, 2013; Strullu et al., 2011; Dohleman et
al., 2012; Kering et al., 2012) where they serve as nutritional
reserves for regrowth in the next season. Nutrient remobiliza-
tion to underground organs is important for sustainability of
biomass production for biofuels. We have shown that some
switchgrass accessions can remobilize up to 61% of the N in a
mature tiller (Yang et al., 2009). However, substantial amounts
of soil nutrients are still removed within the harvested shoot
biomass (Propheter and Staggenborg, 2010; Guretzky et al.,
2011). For example, the total N removed with switchgrass
biomass varied from 31 to 63 kg N ha™! year™' in a one-cut
autumn harvest system, and from 90 to 144 kg N ha™! year™
for a two-cut system, over 5 years of measurements (Reynolds
et al., 2000). As the N in biomass is not beneficial for biofuel
production but necessitates the addition of more fertilizer-N
to maintain switchgrass productivity in the next growth sea-
son, it is desirable to decrease the N content of biomass for
bioenergy production further, by enhancing N-remobilization
during shoot senescence for instance.

In contrast to biomass for biofuels, perennial grass biomass
used as forage for livestock is best when it contains high levels
of protein-N. Therefore, delayed senescence (and delayed N
remobilization) would be a desirable trait for forages to keep
more protein in leaves prior to consumption, especially if it
enables continued photosynthesis and growth until then.

Molecular basis and regulation of
senescence

Genetic and genomic approaches using model plant species,
especially arabidopsis and rice, have revealed much about the
molecular mechanisms of leaf senescence. Transcriptomic

analyses and characterization of various mutants have uncov-
ered complex molecular regulatory networks and a number
of regulatory factors involved in senescence, including tran-
scription factors, receptors, and signaling components for
hormones and stresses, and metabolic regulators (Guo et al.,
2004; Buchanan-Wollaston et al., 2005; van der Graaff et al.,
2006; Lim et al., 2007; Li et al., 2012). Interestingly, but per-
haps not surprisingly, similar biochemical, transcriptional,
and cellular processes appear to be engaged during leaf senes-
cence in perennial plants and annual plants (Munné-Bosch,
2008).

Using microarrays to measure global gene expression,
thousands of genes have been found that respond to devel-
opmental or environmental cues for senescence (Buchanan-
Wollaston et al., 2005; van der Graaff ef al., 2006; Breeze
etal.,2011). Some of the senescence-associated genes (SAGs)
are involved in hormone biosynthesis or signaling. Initiation
and progression of leaf senescence have long been known to
be affected by almost all plant hormones. In general, ABA,
ethylene, jasmonic acid, and salicylic acid can promote senes-
cence, whereas cytokinin, auxin, and gibberellic acid may
suppress leaf senescence (Nooden et al., 1997; Jibran et al.,
2013).

Other SAGs that have potential to alter senescence and
increase stress tolerance, yield, and /or NUE are those encod-
ing transcription factors (TFs) that orchestrate transcription
of the many other genes encoding proteins required for the
organized deconstruction of macromolecules and the export
of nutrients to other parts of the plant. Among the largest
groups of senescence-associated TFs in arabidopsis are the
NAC, WRKY, MYB, C2H2 zinc-finger, bZIP, and AP2/
EREBP families (Guo et al., 2004; van der Graaff et al.,
20006). In grasses, however, so far only TFs of the NAC fam-
ily have been implicated directly through genetic studies in the
regulation of senescence and N remobilization from leaves.

Wheat TtNAM-BI encoding a NAC family TF was identi-
fied at a quantitative trait locus, Gpc-B1, which was associated
with delayed senescence and increased grain protein content
(GPC) (Joppa et al., 1997; Uauy et al., 2006a). Sequence com-
parisons between different alleles of 7tNAM-BI from various
wheat cultivars linked differences in GPC between wild wheat
and modern wheat varieties to the function of NAM-BI,
which is dysfunctional due to a frame-shift in modern vari-
eties. When the transcript levels of all four NAM copies in
hexaploid wheat were reduced by RNA interference (RNAI),
flag leaves and main-spike peduncles of the transgenic plants
turned yellow later than in non-transgenic controls, by 24
d and more than 30 d, respectively. NAM-BI RNAIi plants
exhibited 30% reduction in GPC and lower Zn and Fe con-
centrations in grain, with higher levels of N, Zn, and Fe in the
flag leaves. This suggested that reduction in NAM transcript
levels delayed whole-plant senescence, which reduced nutri-
ent remobilization from flag leaves to developing grains. This
work provided the first evidence that nutrient remobilization
is genetically tractable and could be related to functional
expression of a single transcription factor.

Rice OsNACS5 (Locus ID Os11g08210) exhibited higher
transcript levels during grain-filling relative to the panicle
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exertion stage in two cultivars with distinctive concentrations
of seed protein, Zn, and Fe (Sperotto et al., 2009). OsNACS5
transcript levels increased following dark-incubation, ABA
application, salinity, cold, and Fe-deficiency treatments, all of
which can induce senescence in rice. Application of nicotina-
mide, an inhibitor of ABA action, abolished salt-stress induc-
tion of OsNACS expression, implicating ABA in OsNACS
induction by salt stress. Interestingly, a positive correlation
between OsNACS expression in flag leaves (at stages of pani-
cle exertion and anthesis) and concentrations of Fe, Zn, and
protein in seeds was found (Sperotto et al., 2009).

A rice gain-of-function mutant, prematurely senile 1 (psi-
D), was identified with premature leaf senescence after till-
ering (Liang et al., 2014). LOC_0s03g21060 (OsNAP) was
found to be the only gene within the vicinity of the T-DNA
insertion in the mutant, and its expression was elevated
20-fold in ps/-D mutant seedlings. Consistent with this, trans-
genic overexpression (OE) of OsNAP in wild-type plants also
resulted in premature leaf senescence. OsNAP expression
increased with developmental age in leaves in the wild-type,
as well as in the endosperm over the course of grain-filling.
When OsNAP was down-regulated through RNAIi in wild-
type rice, transgenic plants displayed delayed leaf senes-
cence. Compared with wild-type plants, both ps/-D mutant
and OsNAP OE lines exhibited significant increases in total
grain protein content and concentrations of seven nutrient
elements while RNAi plants showed about 10% decreases.
Conversely, flag leaves of ps/-D and OsNAP OE lines had a
lower nutrient concentration, while OsNAP RNAi flag leaves
retained more nutrient elements than wild-type plants. Thus,
OsNAP positively affects nutrient remobilization from leaves
to grain during rice reproduction/senescence process, simi-
larly to TINAM-BI1 in wheat (Uauy et al., 2006b).

Two full-length ¢cDNAs, PvNACI and PvNAC2, were
isolated from perennial switchgrass, with both genes show-
ing increased expression in leaves during natural senescence
and under prolonged darkness (Yang et al., 2015). Estradiol-
inducible expression of PvNACI in arabidopsis triggered yel-
lowing of mature leaves on whole plants and resulted in 53%
less chlorophyll and 24% less N after 5 d of treatment, consist-
ent with a role of PvINACI in controlling leaf senescence and
N remobilization. Overexpression of PvNAC?2 in switchgrass,
using the constitutive 35S-promoter, increased total above-
ground biomass (sum of leaves, stems, and inflorescences)
of greenhouse-grown plants, without affecting the biomass
of underground organs (crown and roots) of 35S::PyNAC2
plants relative to controls. Note that under these greenhouse
conditions, switchgrass plants did not senesce (Yang et al.,
2015).

Recently, we completed a study of N-dynamics of the vari-
ous organs of the switchgrass cultivar ‘Alamo’ grown over
four years, which captured nicely the annual increase in leaf-
N during spring and decrease during autumn senescence, con-
comitant with storage of N in the root system (Yang et al.,
2016). Parallel analysis of transcriptomes of switchgrass
organs from spring though autumn revealed several thousand
genes that exhibited at least two-fold changes in transcript
levels in leaves or stems before and after senescence. A large

number of these genes (597 in leaves and 437 in stems) were
homologous to known SAGs in arabidopsis, rice, maize, and
wheat (Yang et al., 2016). Approximately 15% of the switch-
grass SAGs were found to encode putative TFs, mainly of the
following families: NAC, WRKY, AP2/EREBP, bZIP, and
C3H, bHLH, and C2C2-CO-like. In particular, 19 senescence-
associated NAC TF genes were identified in leaves or stems,
four of which were common to both. Phylogenetic analysis of
17 complete protein sequences derived from these NAC TF
genes was performed, using previously described wheat, rice,
and switchgrass sequences (TtNAM-B1, OsNACS, OsNAP,
and PvNACI, PvNAC?2) as references for comparison. Eight
of the PYNAC SAGs are in the same clade as the five refer-
ence proteins (Fig. 1). Thus, these NACs are most likely to
regulate transcription of genes involved in senescence and N
remobilization in switchgrass shoots.

Although underground organs of switchgrass appear to
play a role in N-storage between growing seasons (Yang et al.,
2016), to our knowledge no published studies have explored
the mechanisms of senescence and N mobilization in grass
root systems. Given the likely importance of N-storage and
remobilization in underground organs for multi-year growth
and competitiveness of perennial grasses, these are attractive
areas for future research.

The stay-green trait

Stay-green is a heritable trait of delayed foliar senescence
that can be classified as either cosmetic or functional stay-
green (Thomas and Ougham, 2014). Cosmetic stay-green
mutants have impaired or delayed chlorophyll catabolism
due to defects in chlorophyll degradation (Hortensteiner
and Krautler, 2011), while other physiological processes,
especially photosynthetic decline, are normal (Thomas and
Ougham, 2014). STAY-GREEN (SGR) genes encode chloro-
plast proteins that are highly conserved in plant species and
are thought to destabilize chlorophyll-protein complexes as
a prerequisite to degradation of both chlorophyll and apo-
protein (Hortensteiner, 2009). In the perennial legume forage
species alfalfa (Medicago sativa), down-regulation of a SGR
gene (MsSGR) by RNAI led to the production of stay-green
transgenic plants (Zhou et al., 2011). Together with a more
greenish appearance, most of the alfalfa RNAI lines retained
more than 50% of chlorophyll during senescence and had
increased crude protein content compared to the wild-type,
indicating that a cosmetic stay-green phenotype can improve
forage quality.

The functional stay-green trait couples delayed chlorophyll
degradation to extended photosynthetic capacity in leaves
(Thomas and Ougham, 2014). N remobilization from the
leaves to the grain is slower in stay-green hybrids compared
with senescent genotypes of sorghum (Borrell and Hammer,
2000). In durum wheat, four stay-green mutants main-
tained photosynthetic competence for longer than normal
and also had higher seed weights and grain yields per plant
than the parental line (Spano et al., 2003). Down-regulation
of TtNAM-BI in wheat resulted in delayed leaf yellowing
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Fig. 1. Phylogenetic analysis of 17 NAC TFs preferentially expressed in switchgrass leaves and stems, and five reference NAC proteins that were
previously characterized to be associated with nitrogen remobilization (TtNAM-B1, OsNAC5, OsNAP, PvNAC1, and PYNAC2; indicated by arrows) (Yang
et al., 2016). The letters L and S following a transcript ID stand for preferential expression in either leaves or stems, respectively. The clade containing
eight PvNACs closely related to the five reference NACs is enclosed within the dashed-line rectangle. Five PYNACs are found in three sub-branches with
high bootstrap values (>80, indicated with diamonds) containing the reference NACs.

and greater N retention in flag leaves, with a reduction in
grain protein, zinc, and iron content (Uauy et al., 20065).
Suppression of ZmNAP via RNA silencing resulted in a stay-
green phenotype and a 15-30% increase in 1000 grain weight
of ZmNAP RNAI plants compared to the wild-type (Zhang
et al., 2012). So far, no similar study has been performed in a
perennial grass.

Delaying leaf senescence by over-producing senescence-
inhibiting cytokinin has been achieved in multiple species, as
recently reviewed by Guo and Gan (2014). Tissue-specific or
inducible promoters are preferred in such approaches to min-
imize perturbation of normal development. Overexpression
of isopentenyl transferase (IPT), required for cytokinin-bio-
synthesis, driven by a senescence-inducible promoter (Pgq-
IPT), was used to delay leaf senescence in various plant
species, including rice, creeping bentgrass, and Zoysia sinica
(Guo and Gan, 2014).

Stay-green and stress-tolerance traits can go hand-in-hand,
as exemplified in many Pg,,-IPT transgenic plants that exhib-
ited not only delayed senescence, but also greater tolerance
of environmental stresses, such as drought (Merewitz et al.,
2011), flooding (Huynh et al., 2005), cold (Khodakovskaya
et al., 2005), heat (Xu et al., 2010), darkness (Garcia-Sogo et
al., 2012; Zakizadeh et al., 2013), and low N (Sykorova et al.,
2008). Genetic studies showed that quantitative trait loci
(QTLs) for temperature and drought tolerance coincide with
loci for leaf senescence (Ougham et al., 2007; Vijayalakshmi

et al., 2010; Emebiri, 2013). In sorghum, hybrids possess-
ing the stay-green trait maintained more photosynthetically
active leaves than hybrids not possessing this trait when water
was limiting during the grain-filling period, and produced
47% more post-anthesis biomass than their senescent coun-
terparts (920 versus 624 g m~2), while the stay-green trait did
not constrain yield in the well-watered plants (Borrell et al.,
2000a, 20000). Sorghum stay-green lines also showed more
charcoal rot tolerance than non-stay-green lines (Burgess et
al., 2002). These results highlight the potential of utilizing the
stay-green trait in perennial grasses to increase biomass yield
and quality, especially under abiotic or biotic stress condi-
tions. Very recently, it was reported that overexpression of the
Medicago WOX gene STENOFOLIA (STF), which encodes
a transcriptional repressor, in three monocots (switchgrass,
rice, and Brachypodium) resulted in an increase in active
cytokinin, via direct binding of the WOX protein to the pro-
moters of cytokinin oxidases/dehydrogenase genes (CKXs;
Wang et al., 2017). STF-overexpressing switchgrass plants
produced approximately 2-fold more biomass and released
approximately 1.8-fold more sugar without pre-treatment. In
addition, leaves of transgenic plants exhibited a stay-green
phenotype (Chunxiang Fu, Qingdao Institute of Bioenergy
and Bioprocess Technology, Chinese Academy of Sciences,
personal communication). These results show the potential
value of the functional stay-green phenotype for improve-
ment of biofuel grasses.
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Effects of flowering time on N
remobilization

Development of annual and perennial grasses can be
divided into two distinct stages: vegetative and reproductive.
Vegetative growth generates most of a plant’s biomass and
essentially ends with initiation of reproductive growth, while
timing of heading (inflorescence initiation and development)
is closely associated with grain production and biomass nutri-
tional quality. Flowering time is highly variable among switch-
grass varieties and associated with differences in photoperiod
along a north-south gradient, i.e. northern ecotypes flower
earlier than southern types (Casler et al, 2004). ‘Lowland’
switchgrass ecotypes from the southern USA usually have
heading dates 24 weeks later than ‘upland’ ecotypes from
the north (Cortese et al, 2010). Higher biomass produc-
tion of lowland ecotypes is correlated with a longer vegeta-
tive growth period (Casler, 2012). Notably, moving northern
ecotypes south prompts early flowering and reduced biomass
production, while moving southern ecotypes north delays
reproductive development, extends their growth period and
increases biomass yields (Casler et al., 2004).

In Brachypodium accessions, flowering time influences the
final N content in biomass; late-flowering accessions produce
more leaves and accumulate more total N (Schwartz and
Amasino, 2013). We investigated 31 switchgrass accessions for
N remobilization efficiency and found that upland ecotypes
generally have lower NRE, despite flowering earlier (Yang
et al., 2009). Calendar days to heading, i.e. from January 1,
were recorded for 14 lowland and 22 upland ecotypes from
2007 to 2011 at Ardmore, Oklahoma, USA (Fig. 2A), and
showed later onset of reproductive development of lowland
ecotypes, as expected. Interestingly, N-concentration in till-
ers harvested in mid-August, prior to senescence (i.e. still
green) but after heading in all cases, were similar for low-
land and upland ecotypes, despite the greater number of
days between heading and harvest (DHH) for most upland
ecotypes (Fig. 2B). In other words, there was no correlation
between DHH and N concentration in tillers harvested in
August. NRE was calculated as the difference between tiller
N content at mature and senescent stages (N, and N;) har-
vested in August and December, respectively, divided by tiller
N content at the mature stage [(N,—N,)/N,,] (Yang et al,
2009). Somewhat surprisingly, a positive correlation was
found between DHH and N concentration in senescent till-
ers harvested in December, with linear correlation coefficient
R=0.68, P<0.001 (Fig. 2C). In other words, upland ecotypes
were less efficient at remobilizing N from tillers, despite
initiating reproductive development earlier than lowland
ecotypes. This is reflected in the negative correlation between
DHH and N remobilization efficiency for all ecotypes taken
together, with R=-0.64, P<0.001 (Fig. 2D).

In horticultural practice, surgical removal of inflorescences
in monocarpic plants such as pea and soybean can reverse
the fate of senescing leaves to juvenile leaves (Nooden, 1988).
Similarly, maintenance of soybean plants under photoperiods
that prevent induction of flowering promotes indefinite vege-
tative growth, indicating potential control of plant senescence

by reproductive growth (Nooden et al., 1997). In the model
legume, Medicago truncatula, the vernalization-insensitive
delayed flowering in long days (vdf) mutant with delayed flow-
ering produced more above-ground biomass than the wild-
type (Tadege et al., 2015). In another study, overexpression
of a miR156 precursor in switchgrass resulted in differen-
tial trait modification depending on the expression level of
miR 156 (Fu et al., 2012). miR156 targets the SQUAMOSA
PROMOTER BINDING PROTEIN LIKE transcription
factor (SPL) that promotes apical dominance and floral tran-
sition (Fornara and Coupland, 2009). Transgenic plants with
relatively low overexpression of miR156 exhibited increased
biomass yield with normal flowering time, while moderate
levels of miR156 led to improved biomass but no flowering.
These two groups of plants produced 58—101% more biomass
compared with the control, possibly due to an increase in
tiller number. It would be interesting to investigate the senes-
cence phenotype, NUE, and NRE of transgenic switchgrass
with moderate miR 156 expression under natural/field growth
conditions.

Approaches to improve yield, yield stability,
and NUE in perennial grasses for forage
versus biofuel

For perennial grasses used either for forage or for bioenergy
production, such as switchgrass, high biomass yield is desired
(Table 1). Therefore, in addition to a fast growth rate, pro-
longed vegetative growth associated with delayed reproduc-
tive development (heading) and extended leaf photosynthetic
capacity through functional stay-green traits are attractive
breeding targets (Uauy et al., 2006b; Guo and Gan, 2014). The
functional stay-green trait may also enhance stress tolerance
by making plants less prone to senescence under moderate or
severe stress (Guo and Gan, 2014). Importantly, delayed flow-
ering and delayed senescence phenotypes arise naturally via
genetic mutation, which provides ‘grist’ for the plant breed-
ing ‘mill’. Knowledge of some of the key genes controlling
flowering time, such as SPL, LEAFY, APETALAI (Fornara
and Coupland, 2009; Yamaguchi ez al., 2009), and/or senes-
cence, including TtNAM-BI, OsNAP and PvNACI1/2 (Uauy
et al., 2006b; Liang et al., 2014; Yang et al., 2015) in differ-
ent plant species makes it possible to design and implement
mutational-breeding approaches, using chemically muta-
genized seed and targeting induced local lesions in genomes
(TILLING; McCallum et al, 2000) or genome editing
(Bortesi and Fischer, 2015), to produce desired mutations and
phenotypes. Genome editing may be the most effective way
to generate homozygous mutations in polyploid genomes,
especially in out-crossing species such as switchgrass (Wang
et al., 2014). While delaying flowering and senescence could
increase biomass in perennial grasses, completely abolishing
these developmental processes may be counterproductive.
No flowering means no seed, which is a problem for plant
breeders, even if producers of perennial forages and biofuel
feedstocks care little for seed production in their own fields.
No senescence means no wholesale recycling and transfer of
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Fig. 2. Relationship between heading time and nitrogen remobilization. (A) Heading time comparison between switchgrass lowland and upland
ecotypes. (B) Nitrogen concentration in switchgrass tillers in the pre-senescence stage (in August). (C) Nitrogen concentration in switchgrass tillers in the
post-senescence stage (in December). (D) Correlation between nitrogen remobilization efficiency (NRE) and days between heading and harvest (DHH).
NRE was calculated from tiller N content at mature (N,,) and senescent (N,) stages, as follows: NRE=(N,,—N,)/N,,. Diamonds in (B-D) indicate switchgrass
accessions as reported previously (Yang et al., 2009). The open diamonds indicate lowland ecotypes and solid diamonds indicate upland ecotypes.

Table 1. /deal ideotypes and approaches to optimize biomass production and nitrogen content of forage and biofuel perennial grasses

Forage crop Biofuel crop
Biomass production High High
Growth period Prolonged vegetative growth / delayed flowering
Leaf function Increased leaf area and photosynthetic capacity
Leaf phenotype Functional stay-green/delayed senescence
Physiological adaptability Increased biotic/abiotic stress tolerance
Root function Improved nitrogen transport and assimilation
Nitrogen accumulation High Low
Biomass harvest time Before senescence After senescence
Nitrogen remobilization Inhibited Promoted
Chlorophyll degradation Inhibited Promoted
Expression of NAC TFs Inhibited Promoted
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nutrients from old and damaged organs to new ones, which
could limit the photosynthetic capacity and growth poten-
tial of perennial grasses, especially in nutrient-poor soils.
No senescence and remobilization of nutrients into storage
organs, such as root crowns, could compromise re-growth of
shoots in the next growing seasons, and ultimately persistence
of the grass stand. Fortunately, nature has shown us that it is
possible to delay flowering and senescence without eliminat-
ing these important processes, so there is potential to improve
yield and quality in this way.

While increased yield per unit area and time is a common
target for producers of forage and biofuel-feedstock grasses,
biomass protein and N-content is not (Table 1). While forage
and feedstock producers all desire energy-rich carbohydrates
in their biomass, forage producers also seek moderate pro-
tein levels while producers of biomass for biofuels do not.
In fact, to conserve N in fields for the next growing season,
it is desirable to harvest protein-poor shoots for biofuel,
and store protein-N in underground organs following shoot
senescence. Natural variation for NRE in switchgrass (Yang
et al., 2009) and other biofuel grasses will enable breeders to
improve N-conservation in production systems. As we have
noted above, greater NRE is not tied to earlier senescence, or
at least not to earlier reproductive development, so it does not
necessarily come at the cost of reduced yield (Fig. 2).

Retaining protein in vegetative organs may be achieved
while maximizing biomass production by delaying reproduc-
tive development and/or delaying senescence, as described
above. Obviously, this may come at the cost of seed produc-
tion or N-storage in roots and crowns, which may compro-
mise growth in the next season. On the other hand, some
of the N consumed as protein in leaves by grazing animals
is returned in urine to the soil, where it is available again to
plants. N removed with animal protein and otherwise lost
from the system through leaching or gaseous-N losses to the
atmosphere needs to be replaced by addition of fertilizer-N in
systems that don’t include nitrogen-fixing legumes.

It is an interesting time to be working on senescence in
plants, both from the perspective of basic research and plant
breeding. Annotated genome sequences for many model and
crop species and easy-to-use tools for transcriptomics have
uncovered thousands of genes that are potentially involved
in senescence, including regulators of this important devel-
opmental process (see above). Genetic studies in model and
crop species have shown that some of these genes are not only
required for normal senescence, but are also attractive targets
to increase yield, improve quality, and/or increase NUE of
plant production, through delayed and/or enhanced senes-
cence. Recent developments in genome editing (Bortesi and
Fischer, 2015) empower technologists and breeders to tailor
senescence genes to produce new food, forage, and biofuel
crops with these desired traits. On the other hand, there is
still much to be learned about the regulation and mechanics
of cellular deconstruction and nutrient-remobilization dur-
ing senescence (Masclaux-Daubresse et al., 2010). Especially
for perennial grasses, it would be interesting to know how
N remobilized during yearly senescence of shoots is allo-
cated to the two major sinks: seeds and underground organs.

Convergence of many experimental approaches, including
genomics, genetics, biochemistry, molecular and cellular biol-
ogy, physiology, bioinformatics, and modeling will lead to a
systems-level understanding of senescence that will support
further advances in plant breeding and nutrient conservation
in agricultural systems.

Summary

N fertilizers are a double-edged sword for agriculture,
essential for high yields (per unit area and time) of food,
feed, fiber, and fuel, but damaging to the environment and
human health at current rates of application. By increasing
NUE, plant senescence can help to sharpen one edge of the
N-sword while blunting the other via reduction in losses of
reactive-N to the environment. Optimizing the timing and/
or magnitude of senescence, via conventional breeding and/
or genome-editing, may lead to plant cultivars that are not
only more efficient in their use of N, but also less sensitive to
environmental stress and, therefore, more productive over-
all. This is an exciting prospect that will be tested in the next
few years.
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