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Summary

Functional stay-green is a valuable trait that extends the photosynthetic period, increases
source capacity and biomass and ultimately translates to higher grain yield. Selection for
higher yields has increased stay-green in modern maize hybrids. Here, we report a novel QTL
controlling functional stay-green that was discovered in a mapping population derived from
the lllinois High Protein 1 (IHP1) and lllinois Low Protein 1 (ILP1) lines, which show very
different rates of leaf senescence. This QTL was mapped to a single gene containing a NAC-
domain transcription factor that we named nac7. Transgenic maize lines where nac7 was
down-regulated by RNAi showed delayed senescence and increased both biomass and
nitrogen accumulation in vegetative tissues, demonstrating NAC7 functions as a negative
regulator of the stay-green trait. More importantly, crosses between nac7 RNAI parents and
two different elite inbred testers produced hybrids with prolonged stay-green and increased
grain yield by an average 0.29 megagram/hectare (4.6 bushel/acre), in 2 years of multi-
environment field trials. Subsequent RNAseq experiments, one employing nac7 RNAI leaves
and the other using leaf protoplasts overexpressing Nac7, revealed an important role for
NAC7 in regulating genes in photosynthesis, chlorophyll degradation and protein turnover
pathways that each contribute to the functional stay-green phenotype. We further
determined the putative target of NAC7 and provided a logical extension for the role of
NAC7 in regulating resource allocation from vegetative source to reproductive sink tissues.
Collectively, our findings make a compelling case for NAC7 as a target for improving
functional stay-green and yields in maize and other crops.

Introduction

The demand for yield improvement with new technologies is
rising because of increasing global demand for food and feed,
and the dwindling supply of arable land available for agriculture
(Pingali, 2012). Crops such as corn, soybean, wheat, rice and
canola account for over half of total human caloric intake either
through direct consumption or the meat products raised on
processed seeds. Therefore, a primary focus for recent crop
genetic improvement is to produce high-yielding varieties for
future sustainable growth.

Among several strategies contributing to increases in crop
biomass and yield, extending the duration of photosynthesis is
one of the most effective ways (Richards, 2000). The extended
foliar greenness or delayed senescence to maintain more photo-
synthetically active leaves is referred to as ‘stay-green’ (Thomas
and Ougham, 2014). There are two types of stay-green: cosmetic
and functional. In cosmetic stay-green, an accumulation of
pigments on the surface of the organ is caused by defects in
the chlorophyll degradation pathways. In contrast, functional

stay-green is defined as retaining both greenness and photosyn-
thetic competence significantly longer along senescence (Horten-
steiner, 2009). Thus, the functional stay-green trait during the
final stage of leaf development is important to increase source
strength in grain production.

Plants assimilate carbohydrates and nitrogen in vegetative
organs (source) and remobilize them to newly developing tissues
during development, or to reproductive organs (sink). Increasing
source strength in cereal crops leads to higher grain yield
(Gregersen et al., 2013). The functional stay-green trait has been
shown to be associated with the transition from the carbon (C)
capture to the nitrogen (N) remobilization phase of foliar
development (Lee and Tollenaar, 2007). In functional stay-green
plants, the C-N transition point is delayed, or the transition occurs
on time but subsequent yellowing and N remobilization occur
slowly. In maize, the stay-green phenotype has been associated
with increases in grain yield. A long-term breeding programme
from the 1930s to 2000s demonstrated that both yield and the
duration of greenness of modern maize varieties have been
steadily increasing (Duvick et al., 2010).
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There are highly complex and dynamic regulatory networks
controlling senescence induction and progression. In addition to
hormone and nutrient-sensing pathways, a number of tran-
scription factors play important roles in the stay-green pheno-
types (Khan et al.,, 2014; Schippers, 2015). NAC [No apical
meristem (NAM), Arabidopsis transcription activation factor
(ATAF) and cup-shaped cotyledon (CUC)] family members are
well studied senescence-associated transcription factors (Chris-
tiansen and Gregersen, 2014; Kim et al., 2016), which are
involved in various functions, including embryonic, floral and
vegetative development, lateral root formation as well as
resistance to a variety of biotic and abiotic stresses (Puranik
et al., 2012). In major crops, overexpression or silencing of
NAC family members revealed their roles in drought resistance
(OsSNACT1) and yield increase (OsNACS) in rice, root develop-
ment in cotton (OsSNAC1) and grain protein improvement in
wheat (TtNAM-B1 RNAi & TaNAC-S) (Fang et al., 2014; Hu
et al., 2006; Jeong et al, 2013; Liu et al., 2014; Uauy et al.,
2006; Zhao et al., 2015). Knocking down SINAP2 or SIORE1S02
(an ortholog of AtORE1T in tomato) results in more fruits with
increased sugar content (Lira et al., 2017; Ma et al., 2018). In
the maize genome, bioinformatics analysis identifies more than
100 nonredundant maize NAC genes unevenly distributed over
10 chromosomes (Lu et al., 2015; Peng et al., 2015), some of
which are closely related to known regulators of plant stress
responses.

The lllinois High Protein (IHP) and lllinois Low Protein (ILP)
populations were derived from a long-term selection for grain
protein concentration (Moose et al.,, 2004). IHP1 and ILP1
plants also differ greatly for their rate of leaf senescence, with
ILP1 leaves exhibiting stay-green and reduced N remobilization
compared to IHP1 (Below et al.,, 2004). In the present study,
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we identified a QTL associated with leaf senescence and
nitrogen remobilization from IHP1 x ILP1 crosses. This QTL
was mapped to a single gene that we named nac7. We
suppressed nac’ expression by RNAi in maize and proved that
nac7 RNAI delayed leaf senescence and increased grain yield
of maize hybrids grown in field trials for 2 years at multiple
locations. Our physiological measurements further demon-
strated that down-regulation of nac7 increased plant leaf area,
biomass and nitrogen content. Transcriptome profiling of
leaves with altered nac7 expression indicated that NAC7
regulates genes involved in protein turnover, photosynthesis
and trehalose-6-phosphate pathways to delay senescence and
increase yield in maize.

Results

Identification and cloning of a leaf senescence and
nitrogen remobilization QTL

A clear contrast in the rate of leaf senescence was observed
between the IHP1 and ILP1 inbred lines in 4-week-old seedlings at
the V4 stage (Figure 1a), and these differences were also
apparent throughout plant development (Figure S1). A major
QTL on chromosome 3 between PHM4145 (B73v4
chr3_20,814,325) and PHM8641 (B73v4 chr3_178,252,157)
was detected in Fg families derived from the cross of ILP1 with
IHP1 (Figure 1b). Two hundred and seventy more Fg families from
the same population were phenotyped and genotyped to confirm
and further refine the QTL interval. The QTL was validated and
delimited to the interval between PHM14602 (B73v4
chr3_58,484,551) and PHM 1234 (chr3_137,903,425).

To fine-map and clone the leaf senescence QTL, three Fg plants,
heterozygous across the QTL interval, were selected for self-

Figure 1 Identification of nac7, the candidate

gene behind a major stay-green and nitrogen

remobilization QTL. (a) In the nitrogen

remobilization seedling assay, lllinois Low Protein
Frq 1 (ILP1) delayed leaf senescence when compared
to Illinois High Protein 1 (IHP1). (b) Genetic
mapping of the Fg families showed a strong QTL
between SNP markers 3NR_29 and 3NR_72 for
stay-green and nitrogen remobilization. Fine-
mapping delimited the QTL to a 37.84 kb region
containing a NAC-domain transcription factor that
we named nac?/. The locations of SNP markers
were based on maize B73 genome assembly V4.0.
(c) Transcript of nac7 in IHP1 and ILP1 was
measured by RNAseq at 0, 16 and 24 days after
pollination when the plants were grown to
maturity.
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pollination to generate a large mapping population. Five hundred
and ninety individuals were initially genotyped with PHM 14602
and PHM1234, and 141 recombinants were identified. Subse-
quently, 3397 individual plants were genotyped with PHM3324
(chr3_100,237,675) and PHM9619 (chr3_126,583,571), and 628
recombinants were identified. The recombinant plants were self-
pollinated, and their progenies were scored for the leaf senes-
cence phenotype. Additional SNP markers were developed within
the QTL interval to further genotype the recombinants. The leaf
senescence QTL was eventually delimited to a 37.84 kb interval,
flanked by 3NR_29 (chr3_122,361,461, 2 recombinants) and
3NR_72 (chr3_122,399,303, 9 recombinants). The recombinants
harbouring the ILP1 allele for this QTL co-segregated perfectly
with the delayed leaf senescence phenotype. A single annotated
gene encoding a NAC-domain containing transcription factor was
within this interval (Figure 1b). This NAC-domain containing gene
(gene model GRMZM2G 114850 or Zm00001d041472, nactf108
in MaizeGDB) was named as nac’/ based on its subsequent
sequence in our testing pipeline. We examined transcript differ-
ences of nac7 between leaves of IHP1 and ILP1 field-grown
plants. Figure 1c shows significantly higher mRNA level of nac7 in
IHP1 compared with ILP1 when sampled at 0, 16 and 24 days
after pollination. RNAseq coverage plots illustrate only exon 1
shows mapped reads from nac7 transcript in ILP1 (Figure S2,
upper panel). Sanger sequencing of genomic DNA further
demonstrates that nac7 allele in ILP1 harbours mutations near
both splice junctions of exon 2, which could influence RNA
splicing and lead truncated nac7 mRNA in ILP1 (Figure S2, lower
panel). Based on the above information, we hypothesize that
diminished expression of nac7 in ILP1 leads to the stay-green
phenotype of the mature leaves.

Molecular characterization of nac7

In the maize genome, there are more than 100 predicted NAC
genes (Peng et al, 2015). To understand the evolutionary
relationship and functional relevance of nac7 with its homologs,
113 maize NAC protein sequences and 25 well-known senes-
cence and stress-related NAC members from Arabidopsis, rice,
wheat and tomato (Table S1) were used to generate a
phylogenetic tree. Figure S2 shows nac/ is clustered into a
broad NACT clade that is distant from the NAM or NAP
branches. The closest ortholog of nac7 is OsNAC60, a target of
miR164 and negative regulator for drought tolerance in rice
(Fang et al., 2014).

Comparison of predicted secondary structural elements of
NAC7 with ANACO019, whose crystal structure is available (Welner
et al., 2012), and with five NAC members from other major crops
reveals that most of the conserved sequence motifs in the N-
terminal portion of NAC7 are involved in structural integrity and
DNA recognition (Figure S4). In its disordered C-terminal tran-
scription regulatory domain, NAC7 has several molecular recog-
nition features (MoRFs) that may mediate interactions with other
transcriptional regulatory proteins (Jensen and Skriver, 2014). A
distinguishing feature from other homologs, as shown in
Figure S4, is the presence of a PEST motif (RETAPATPPPPLPP),
which suggests that NAC7 may be subjected to complex post-
translational regulation.

RNAi knockdown of nac7 delays leaf senescence

A transgenic RNAi approach was employed to test the function of
NAC7 in the elite maize inbred line PHRO3. Events containing a
single-copy transgene with detectable mRNA expression were

nac7 RNAi improves functional stay-green and yield

selected for phenotyping experiments. RNAseq analysis con-
firmed the nac7 RNAI construct significantly knocked down the
transcript of native nac7 in seedling leaves from both transgenic
events e1.11 and e1.18 (Figure 2d).

Nitrogen deficiency commonly induces leaf senescence
(Schulte auf'm Erley et al., 2007). We investigated the impact
on leaf senescence from silencing nac7 in the PHRO3 elite line by
growing seedlings in hydroponics to the V3 growth stage,
challenging them with a low nitrogen treatment and then
monitoring physiological indicators of leaf senescence.

During leaf senescence, chlorophyll typically decreases and
flavonol production increases, particularly under stress conditions.
Therefore, we measured both chlorophyll and flavonol content of
V3 leaves of nac/ RNAIi plants using a Dualex instrument.
Figure 2a shows leaf chlorophyll decreased when leaves
senesced. Leaf chlorophyll level in the null plants declined at a
greater rate than that of nac7 RNAI plants after 3 days of
nitrogen-starved growth. From day 6, leaf chlorophyll level was
significantly lower in null plants. Figure 2b shows that after
6 days, leaf flavonol level increased at a greater rate in null
compared with nac7 RNAI plants. At day 10, leaf flavonol was
significantly higher in null plants. Leaf nitrogen balance index, a
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Figure 2 Knocking down of nac7, by RNAI, delayed senescence in maize.
PHRO3 maize line was transformed with a maize ubiquitin (Ubi) promoter-
driven nac7 RNAI construct. (a—c) chlorophyll content, flavonol and
nitrogen balance index (NBI) of V3 leaves were measured for 10 days after
plants reached V3 stage. Two RNAI events showed higher chlorophyll
content and NBI compared with null during the V3 senescence progress
under the nitrogen-free Hoagland's solution. Data are presented as
mean =+ SD (n = 5 plants per time point). (d) Transcript of endogenous
nac’ in V3 stage was measured by RNAseq from day 1 to day 10 after V3
leaves were fully expanded (n = 4). Significant difference was determined
using the t-test, *P < 0.05.

© 2019 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1-14



4 Jun Zhang et al.

plant health indicator which is derived from the ratio between
chlorophyll and flavonol, decreased during leaf senescence.
Figure 2c shows that after the 8 days of growth with N limitation,
nitrogen balance index was significantly higher in nac7 RNAi
plants. These results indicate that in the elite inbred line PHRO3,
chlorophyll and flavonol contents were affected by nac7 silenc-
ing, supporting the hypothesis that nac7 RNAi was able to
recapitulate the stay-green phenotype of ILP1, both of which
express nac/ at lower levels than either the null or IHP1
genotypes.

nac7 RNAI events showed stay-green phenotype under
field conditions

After we confirmed nac7 RNAI delayed seedling leaf senescence
in the greenhouse, we investigated whether the transgenic nac7
RNAI events exhibit a visible stay-green phenotype in the field
under optimal growth conditions. Figure 3a demonstrates the
stay-green phenotype of nac7 RNAI plants grown under normal
nitrogen conditions in the first-year yield trial. Figure 3b shows
the estimated stay-green scores (1 to 9 score) at physiological
maturity for two nac7 RNAi hybrids grown at two testing
locations in lowa and Tennessee. The down-regulation of nac7 to
18%-28% of normal expression levels (Figure 3c) was associated
with significant increases in the stay-green score, which ranged
from 4.9 to 7.7 across all events, compared to an average value of
4.3 for the null controls.

Down-regulation of nac7 in maize increased yield

Previous studies have indicated that the functional stay-green
phenotype is associated with increases in crop yield (Thomas and
Ougham, 2014). To test whether the delayed leaf senescence
conditioned by down-regulation of nac7 may improve source
capacity and subsequent grain yield, we conducted yield trials for
nac’7 RNAI events in 2 years at 10 locations with two replicates
per location. Each of three transgenic events containing the
construct PHP52729 showed significant increases in yield with
0.28-0.45 Mg/ha (4.5-7.2 bu/ac) across the six locations in the
first year of testing (Figure 3d). In the second year, we retested
PHP52729 events at more locations with two different inbred
testers. Efficacy was repeated with an average yield boost of
0.25 Mg/ha (4.0 bu/ac).

Taken together, results in Figure 3 provide strong evidence
that the nac7 RNAI construct not only delayed plant senescence
under field conditions, but also produced consistent yield
increases and steady event performance in our two-year multi-
location trials under normal nitrogen and well-watered condi-
tions.

Physiological basis of yield efficacy of nac7 RNAi events

To characterize further how delayed senescence from nac7 RNAI
improves grain yield, we measured biomass and nitrogen
partitioning at flowering (R1 growth stage) among leaves, stalks

(b) () 0.15 ym Null
_ nac7 RNAIi
Stay-green score of nac7 RNAi events and 2
null at the end of physiological maturity 9
Location 1A ™ 1A ™ g, 010
Event hybrid 1 hybrid 2 - §
Null 3.94 3.90 5.03 4.31 g 5
e1.8 6.70* 4.90* 7.65* 6.39% N 0.05
el.11 6.47* 4.90* 7.42* 6.41* g *
e1.18 6.57* 4.88* 7.53* 6.40* 5 ’T‘ * T
e1.23 6.66* 4.90* 7.62* 6.42* =z 1
0.00
e1.11 e1.18 e1.23
(d) Grain yield (Mg/ha) summary for nac7 RNAi hybrids and null in field trials
1styear 2nd year (hybrid 1) 2nd year (hybrid 2)
Event Yiglq Rredicted Number Yiglq Rredicted Number Yit'ald. Rredicted Number
prediction difference of plots prediction difference of plots prediction difference  of plots
Null 12.89 - 12 12.71 - 16 12.90 - 16
el.8 13.18 0.28* 12 13.05 0.33* 16 13.15 0.25* 16
el.11 13.30 0.41* 12 13.08 0.36* 16 13.12 0.22* 16
e1.18 13.21 0.31* 12 12.98 0.26* 16 13.20 0.30* 16
e1.23 13.34 0.45* 12 12.99 0.28* 16 12.92 0.02 16

Figure 3 Down-regulation of nac7 in maize increased gain yield in two-year field trials. (a) nac7 RNAI plants driven by an Ubi promoter showed stay-green
phenotype in a yield trial under normal nitrogen condition. Pictures were taken postanthesis. (b) Stay-green score of two hybrid lines expressing nac7 RNAI
in lowa and Tennessee with 2 plots per location. Scores ranged from 1 to 9 with ‘9’ being a fully green canopy and ‘1" being completely senesced with no
green. Stay-green score was analysed by linear unbiased prediction model. Significance between transgenic events and null comparator was determined at
the P < 0.1 level shown with *. (c) nac7 was down-regulated in three nac7 RNAi events under field conditions as measured by gPCR (n = 8). Transcript level
of nac7 relative to the endogenous reference elF4g, a maize eukaryotic translation initiation factor, was calculated by the ACt method. Significant
difference between each transgenic event and its null was determined using the t-test, *P < 0.001. (d) Yield tests in two years demonstrated that down-
regulation of nac7 increased yield in three hybrid lines. Yield was analysed by linear unbiased prediction model and shown as the best linear unbiased
predictions (BLUPs). Summary table shows the yield and yield difference between nulls and the transgenic events in megagram/hectare (Mg/ha) at
multilocations under normal nitrogen and well-watered conditions. Statistical significance was determined at the P < 0.05 level shown with *.
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and grain from nac7 RNAI plants grown under field conditions.
We observed that plant leaf biomass at R1 was 9.2% higher on
average for the three nac7 RNAI lines compared with the null
plants (Figure 4a), and leaf area was also increased by 5.8%
(Figure 4c). An even larger increase of 16.6% was found for stalk
biomass (Figure 4d). Additionally, we found that each of the
three events with reducing nac7 mRNA level increased leaf
nitrogen content, by 11.3% on average (Figure 4b). Further,
there was a trend for increased total nitrogen level in the stalk of
nac7 RNAI lines, although only event 1.8 showed a statistically
significant increase (Figure 4e). These findings suggest that
reducing nac7 expression increased plant leaf area, biomass and
nitrogen content of the leaf and stalk tissues.

To assess if nac7 expression level is associated with the grain
protein content as it was shown in the ILP1 (Uribelarrea et al.,
2004), we measured grain nitrogen level in PHRO3 lines
overexpressing the nac7 RNAIi construct. Interestingly, we did
not observe significant changes in grain nitrogen concentration
for the nac7 RNAI lines as measured by combustion analysis.
The event null and three RNAi events did not show a
statistically significant difference in grain nitrogen content
when compared to the WT control, which was 1.84%
(Figure 4f).

Regulation of senescence and photosynthesis-related
genes by nac7 RNAI

To better understand the molecular mechanisms by which NAC7
regulates the stay-green phenotype, we collected leaf discs every
other day and performed RNAseq analysis from the same
experiment shown in Figure 2 that compared V3-stage seedlings
for two nac7 RNAI events and null controls. A total of 2921
differentially expressed genes (DEGs) were identified from all

(a)
50

N w »
o o o

Leaf Biomass (g)

-
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Null el11 e1.18 e1.8

Figure 4 nac7 RNAI increased biomass and N
partitioning in leaf and stalk. Leaf biomass (a),
total N in leaf (b), leaf area (c), stock biomass (d) 80

and total N in stalk (e) were measured in PHRO3 S
lines at R1 stage. n = 8. Significant difference was ‘3’ 60
determined using the t-test, *P < 0.05; g
*kp < (0.01 and ***P < 0.001. (f) Knocking down 2
nac7 did not reduce grain nitrogen content in : 40
PHRO3 line. Grain nitrogen content of 3 RNAI g

N
o

events and nulls was determined by combustion
analysis. Event null and 3 RNAJ events did not
show statistical difference in grain nitrogen
compared with that of WT (n = 5).

Null e1.11 e1.18 e1.8
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experimental contrasts, followed by clustering analysis (Fig-
ure S5).

The first step in determining if nac7 RNAi plants were
functionally stay-green was to examine the expression patterns
of senescence and photosynthesis-associated genes. Figure S5a
presents transcript changes of three representative genes previ-
ously reported as biomarkers for cellular senescence: putative
ripening-related protein 6 (Giovannoni, 2004), autophagy-related
protein 3 (Hanaoka et al., 2002) and beta-galactosidase 13-like
protein (Smith and Gross, 2000). This behaviour was confirmed in
our experiment, as the expression of each gene increased as the
leaves progress through senescence. However, in nac/ RNAI
leaves, mRNA level of these three genes was significantly lower
than nulls after 6 days of the experiment. This result establishes
that nac7 RNAI plants showed a broader delay in the leaf
senescence programme, beyond just the visual changes in
pigment catabolism.

Photosynthesis-associated enzymes such as phosphoenolpyru-
vate carboxylase (PEPC), aspartate transaminase (AST), ribulose
bisphosphate carboxylase (RuBisCo) and others in the Calvin cycle
(Furbank and Taylor, 1995) play important roles in carbon capture
and fixation. From our RNAseq experiment, we found that
expression declines over time for PEPC and AST, two enzymes
responsible for CO, fixation in mesophyll cells, as well as ribulose-
5-phosphate epimerase (RPE) that catalyses the epimerization of
ribulose 5-phosphate to xylulose 5-phosphate in the Calvin cycle.
However, at later stages the nac7 RNAI plants maintain higher
expression levels for these genes compared to controls (Fig-
ure S6éb).

We found that the differences in chlorophyll and flavonoid
content previously measured in Figure 2 were reflected in their
mMRNA expression profiles (Figure S6¢). For example, expression of
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pheophorbide o oxygenase (PAO) that participates in chlorophyll
degradation during senescence (Hortensteiner, 2006) was signif-
icantly reduced by nac7 RNAi. Furthermore, expression of
flavonoid 3’5'-hydroxylase (Falcone Ferreyra et al.,, 2012), a key
enzyme for flavonol biosynthesis, was decreased too. In addition,
expression of the chlorophyll a-b binding protein was elevated in
the very late stage of V3 leaf senescence. Note that, correspond-
ing with the higher chlorophyll level in nac7 RNAi plants,
expression of nac7 and these senescence-associated genes were
most significantly lower in the late stage of senescence (from day
6 to 10) when compared with nulls.

nac7 RNAI events targeted on protein turnover
pathways to delay senescence

In addition to the above genes whose expression changes were
predicted to be associated with the stay-green phenotype, we
further explored how NAC7 regulates senescence by clustering
DEGs and performing functional enrichment analysis. As illus-
trated in Figure S5, each DEG and non-DEG was assigned to a
node on a self-organizing map (SOM) based on the similarity of
their expression patterns. The nac/ gene was assigned to the
node 85. Figure 5a shows expression patterns for 29 DEGs
among a total of 99 genes in node 85 containing nac/. These 29
DEGs (listed in Table S2) were tested for enrichment of GO terms
against non-DEGs in the same node, which has proven to be an
effective test for functional enrichment in DEGs versus other
genes (Wehrens and Buydens, 2007), leading to an understand-
ing of a more specific transgene effect in nac7 RNAIi plants
because DEGs with inconsistent expression trend in time course
of V3 leaf senescence progress were removed. Interestingly,
hydrolase activity (GO:0016787) was the only enriched gene
ontology (right panel of Figure 5a), which is consistent with prior
work documenting that proteolysis and hydrolysis play critical
roles during senescence to degrade protein and remobilize
nutrients (Roberts et al., 2012).

Hydrolase activity refers to enzymes that catalyse the hydrolysis
of various bonds and contains 24 direct child terms such as serine
hydrolase activity, ubiquitinyl hydrolase activity, peptidase activity,
C-O bond, C-N bond and C-C bond hydrolase activity. In the nac7
node and its neighbours, we found expression of a large group of
DEGs involved in proteolysis was significantly lower in nac7 RNAI
plants. Figure 5b displays expression patterns for individual genes
from different classes of genes associated with protein turnover
as the V3 leaf progresses through senescence. It is worth noting
that the ATP-dependent Clp protease subunit 2 and subtilisin-like
protease, which have been previously associated with later stages
of leaf senescence (Roberts et al.,, 2012), were most strongly
expressed at days 8 and 10 in control plants, when the greatest
reductions were also observed for the nac7 RNAi plants. In
contrast, nac7-dependent expression reduction of aspartic pro-
tease, serine carboxypeptidase S10 and ubiquitin-proteasome
components started earlier. Collectively, comparisons of the nac7
RNAi and control transcriptomes show that NAC7 regulates
genes associated with many of the key processes that occur
during maize leaf senescence.

Identification of the putative target of NAC7 in
protoplasts

The above findings point to the hypothesis that nac7 RNAi down-
regulated protein turnover pathways and delayed senescence. To
further determine how nac7 RNAI contributed to the observed
yield increases (Figure 3d), we utilized mesophyll protoplasts to

identify putative targets of NAC7 by RNAseq analysis. A homo-
geneous protoplast population and transient expression system
offered unique advantages to capture early response targets of
NAC7. Instead of using the same nac/7 RNAI construct, we
transfected protoplasts with a vector where Nac7 overexpression
was driven by the maize Ubiquitin1 (UbiT) promoter. By compar-
ing the two sets of RNAseq results (Nac7 overexpression Vs nac’
down-regulation by RNAI), the identified targets can be cross-
checked. Our optimized PEG transfection and protoplast culture
protocol provided ~80% transfection efficiency (Figure 6a). As
shown in Figure 6b, we confirmed overexpression of Nac7 by 3 h
after transfection, and Nac7 expression peaked during the
window between 6 and 12 h post-transfection.

The RNAseq data set from leaf protoplasts overexpressing Nac/
was used for clustering analysis (Figure S5b). A total of 1190
DEGs were identified and distributed into 100 nodes. Surprisingly,
the node that contains Nac7 had only 19 genes, and 5 of these
were identified as DEGs (including Nac7). Figure 6c presents the
expression patterns of the 5 DEGs from control and Ubi:Nac7
transfected cells. Compared to the nac7 RNAI leaves, the lower
number of DEGs identified in the protoplasts may reflect a more
pure cell population in our protoplast RNAseq experiment.
Because of the small number of DEGs in the Nac7 node
(Figure 6d), it was not possible to assess gene ontology enrich-
ment. Among four DEGs, The orange pericarp1 (orp1) gene
encodes the tryptophan synthase B subunit with a role in
tryptophan biosynthesis in maize (Wright et al, 1992). Two
NAC transcription factors (NAC25 and NAM-B1) showed lower
expression in the orange-pericarp mutant line of pummelo (Citrus
grandis) (Guo et al., 2015). Columbamine O-methyltransferase
methylates the oxygen atom of the secondary metabolites such as
phenylpropanoids, flavonoids and alkaloids (Lam et al., 2007).
Protein phosphatase 2C (PP2C) is one of the most well charac-
terized direct targets of a NAC transcription factor. In Arabidop-
sis, AtNAP worked together with PP2C (SAG113) to control
stomatal movement and water loss during leaf senescence (Zhang
and Gan, 2012). Remarkably, we also noted that trehalose-6-
phosphate synthase (TPS) was up-regulated by NAC7 in leaf
protoplasts. TPS catalyses the production of trehalose-6-phos-
phate (T6P), an important signalling metabolite that regulates
plant carbohydrate metabolism and perception of carbohydrate
availability (Ponnu et al., 2011).

We next compared expression patterns of these 4 potential
NAC7 targets in two RNAseq experiments where NAC7 was
either down-regulated in nac7 RNAI leaves or overexpressed in
protoplasts. Only TPS (Zm00001d005687) showed opposite
expression pattern (Figure 6e), which indicates that TPS may be
the putative target of NAC7. Prior work has shown that T6P acts
through SnRK1 and bZIP transcription factors as an important
regulatory module of carbon assimilation, plant development and
maize grain yield (Nuccio et al., 2015; Ponnu et al, 2011).
Interestingly, we observed that one bZIP family member
(Zm00001d004857) was down-regulated by Nac’7 overexpres-
sion, and another (Zm00001d030577) was up-regulated in nac’
RNAI plants. Collectively, our results suggest that TPS could be a
novel target of NAC7, and the T6P pathway may be regulated by
NAC7 in maize.

Validation of NAC7 regulated pathways in protoplasts

To confirm our hypothesis, Gene Set Variation Analysis (GSVA)
(Hanzelmann et al., 2013) was used to aggregate gene expres-
sion into pathway concordant expression scores for all member
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Figure 5 Clustering and enrichment analysis of DEGs showed hydrolase activity (GO:0016787) was down-regulated by nac7 RNAI. (a) In the transcriptome
of nac7 RNAI leaf, 99 genes were clustered into the nac7 node based on their similar expression pattern. Twenty-nine of them were identified as DEGs. Blue
and red thick lines represent average expression pattern of 29 DEGs. Hydrolase activity was shown as the only down-regulated pathway in nac7 node with
statistical significance (right panel). (b) Representatives of different types of hydrolysis-related genes in the nac7 node or its neighbouring nodes were
down-regulated after knocking down nac7 in 10 days of V3 leaf senescence. Expression profiles for these genes were plotted in the variance-stabilized log2
count scale, with 95% confidence intervals shaded. Red indicates transgenic events, and blue indicates null controls. ‘P=" shows the adjusted P-value for the
likelihood ratio test (LRT). n = 4. MaizeGDB gene model numbers (V4) were listed for each DEGs.
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expression patterns in two RNAseq experiments where NAC7 was either down-regulated in nac7 RNAI leaves or overexpressed in protoplasts. (f) Gene Set
Variation Analysis (GSVA) determined that trehalose biosynthetic process and a-a-trehalose-phosphate synthase activity categories were positively
correlated with overexpressed Nac7. Red indicates protoplast overexpressing Nac7 and blue indicates controls (n = 4). 95% confidence intervals are
shaded, with adjusted P-value for the likelihood ratio test shown on the top.
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genes with similar temporal patterns. Further support for the
regulation of T6P by NAC7 comes from the results of GSVA
analysis with the gene ontology categories of trehalose biosyn-
thetic process (GO:0005992) and o,0-trehalose-phosphate syn-
thase activity (GO:0003825), each of which exhibited concordant
differentially higher expression in Nac7 overexpression cells
(Figure 6f).

Because reduced nac7 mRNA level altered photosynthesis,
flavonol synthesis and protein turnover pathways, we also
investigated the behaviour of these genes following overexpres-
sion of Nac7. Figure S6a shows genes in the category for
photosynthesis (GO:0015979) and its child category light reaction
(GO:0019684) were down-regulated in protoplasts overexpress-
ing Nac/, which corresponds well to the up-regulation of
photosynthesis-associated enzyme genes, especially for those in
carbon fixation steps, in nac7 RNAI plants (Figure Séb).

NAC?7 also up-regulated autophagy (GO:0006914), specifically
during 3- to 12-h post-transfection. However, proteolysis
(GO:0006508), when aggregated, did not show a clear up-
regulation with overexpression of Nac7. One possibility is that
among the large number of genes (2257) included in the
proteolysis category, NAC7 may only directly regulate a small
portion (32) of them in protoplasts. Only these DEGs could be
functionally associated with NAC7 and plant senescence. Taken
together, the RNAseq results from protoplasts overexpressing
Nac7 cross-validated the DEGs and GO categories identified from
nac7 RNAI plants, which strongly support NAC7 functions as a
regulator for stay-green and nitrogen remobilization.

Discussion

Functional stay-green is a valuable trait for improving crop yield. It
has been shown that delaying leaf senescence directly extends
the photosynthetic period and increases source capacity, both of
which benefit grain yield increase (Gregersen et al., 2013). In
modern maize varieties, yield and stay-green score is positively
correlated (Duvick et al., 2010). Thus, novel methods to delay leaf
senescence and improve crop productivity in plants may con-
tribute to sustainable approaches designed to meet increasing
food demand. In this study, we have identified and characterized
NAC7 as a negative regulator of the stay-green trait in maize.
Using a combination of approaches including QTL mapping,
target gene identification, transgenic validation, nitrogen parti-
tioning studies and agronomic vyield trials, we proved that the
down-regulation of nac7 increased grain yield in maize. More-
over, we propose a mechanism by which NAC7 regulates
proteolysis, photosynthesis and trehalose-6-phosphate pathways
to delay senescence and increase yield.

The initial step in the determination of nac7 as a stay-green
QTL was to fine-map and clone the gene from the IHP1 and ILP1
lines, a mapping population derived from the lllinois Long Term
Selection experiment (Figure 1). We demonstrated that NAC7
was of primary importance for the stay-green phenotype of ILP1.
There is extensive research about the role of NAC family members
in senescence (Kim et al., 2016), but this is the first demonstra-
tion of a nac gene that functions to increase grain yield in maize,
one of the most important cereal crops. Here, we provide six lines
of evidence that NAC7 plays an essential role in delaying
senescence, increasing source capacity and nitrogen partitioning
and ultimately improving grain vyield in maize. First, nac7 RNAI
plants recapitulated the stay-green phenotype that we observed
in ILP1 lines. Silencing nac7 in maize delayed senescence in both
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seedling leaves of plants grown with limiting nitrogen in a
greenhouse environment and in mature plants grown with
normal nitrogen supply in the field (Figure 2 and Figure 3a,b).
Second, we confirmed the negative correlation between nac’7
expression and chlorophyll content in leaves (Figure 2a) and up-
regulation of key photosynthesis enzymes in nac7 RNAI leaves
(Figure S6b). Third, nac7 RNAIi plants showed an increase in
biomass and nitrogen partitioning both in leaves and stems at the
R1 stage when compared with nulls (Figure 4). Fourth, two-year
yield trials in 10 locations in North America demonstrated
consistent yield increases in hybrid plants expressing the nac7
RNAI construct (PHP52729). Multiple PHP52729 events crossed to
two different inbred testers produced hybrids that showed
0.29 Mg/ha (4.6 bu/ac) yield increases on average, relative to
null controls (Figure 3d). This proved the yield efficacy of nac7
was reproducible in various field environments and genetic
backgrounds. Finally, nac7 RNAi maize showed normal protein
content in the grain as measured by combustion analysis
(Figure 4f). Although the higher expression of nac7 in IHP1 leads
to a fast senescing phenotype in the older leaves, which could
reflect more rapid nitrogen remobilization, our results clearly
indicate that knockdown of nac7 in maize did not alter nitrogen
concentration in grain. Because of the yield increase, the total
nitrogen in grain per plant is higher in nac7 RNAIi lines when
compared to nulls. Taken together, these data prove nac7 as a
uniquely efficacious gene for increasing maize yield by delaying
senescence and increasing source capacity.

Although the paradigms for the regulation of stay-green have
been shaped by well-studied chlorophyll biosynthesis pathways,
the underlying complexity of protein degradation and nitrogen
remobilization processes from the senescing tissues remains
largely unknown. Therefore, in addition to characterizing the
phenotypic and physiological consequences after silencing nac?,
comparative transcriptomic profiling was performed to gain
insights into the gene regulatory network associated with nac7.
Of the 2921 DEGs identified from the transcriptome of the nac7
RNAI line during its leaf senescence process, 127 were involved in
protein degradation, particularly in the categories of autophagy,
serine protease, cysteine protease, aspartic protease and ubiqui-
tin-related protein turnover. Clustering and enrichment analysis
showed hydrolase activity was the only differentially regulated
GO category with statistical significance in the nac7 node
(Figure 5a). It was reported that several serine proteases were
up-regulated in senescing leaves of barley and rapeseed (Roberts
et al., 2012). Senescence-induced aspartic protease CND41
affects chloroplast degradation and nitrogen remobilization (Kato
et al., 2004). A strong negative correlation between CND41 and
RuBisCo expression in Arabidopsis leaves during senescence was
also observed (Diaz et al., 2008). Further, the two most abun-
dantly expressed transcripts in senescing Arabidopsis leaves are
cysteine proteases (Guo et al., 2004). All of this recent genetic
and biochemical evidence suggests that the modulation of
protease-associated proteolysis in plants is a tightly controlled
process. For example, protease activities can be directly regulated
by controlling protease transcription. Three NAC genes in barley
were reported to bind to the cysteine protease gene AK358908 at
the NAC binding motif in its promoter (Christiansen and
Gregersen, 2014). While further rigorous testing is needed, our
comparative transcriptomic data suggest that both proteolysis
and autophagy processes could be directly regulated by NAC7.
For example, the aspartic peptidase (Zm00001d051695), a
member of the aspartic protease family that showed opposite
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expression pattern in two RNAseq experiments, indeed has a
conserved NAC7 bindings motif ‘CGTG’ in its promoter region
close to the TATA box.

There is increasing evidence that autophagy is not only
associated with cell death, but may also be a triggering factor
for senescence onset or a process induced by senescence to
facilitate nutrient remobilization (Avila-Ospina et al., 2014). In
Arabidopsis and maize, recent work demonstrated the role of
autophagy in nutrient recycling and nitrogen remobilization to
sinks tissues (Guiboileau et al., 2012; Li et al., 2015). In our
experiments, the down-regulation of the autophagy pathway in
nac7 RNAI line was cross-validated by the GSVA pathway
enrichment analysis for protoplasts overexpressing Nac7 (Fig-
ure S7b), which suggests that autophagy also plays a critical role
in NAC7-regulated senescence in maize.

It has long been established that delayed senescence, which
prolongs maximal photosynthetic activity, could improve yield
(Thomas and Stoddart, 1980). Accumulating knowledge of NAC
transcription factors makes them attractive targets for improving
maize yield. However, we found that although manipulating
expression level of senescence-associated NAC members in maize
can extend the photosynthetic period, it does not always result in
yield increases under field conditions. For example, ZmNAP1 and
ZmNACT, two NAC members that belong to separate branches
from NAC7 in the phylogenetic tree of maize NAC transcription
factors (Figure S3), did not deliver yield efficacy in our transgenic
testing pipeline (data not shown), which indicates functional
diversity of the NAC members. While the complete molecular
mechanism underlying the yield efficacy of nac7 RNAi remains to
be established, our findings demonstrate that, besides directly
affecting senescence, the function of NAC7 may be more
complex than originally anticipated. As one example, we found
that TPS could be a novel target of NAC7. In two RNAseq data
sets, we generated to understand the NAC7-regulated gene
network, TPS expression level was highly correlated with both
increases and decreases in nac/ expression (Figure 6e). Perhaps
more importantly, our GSVA enrichment analysis demonstrated
that both GO categories of TPS activity and trehalose biosynthetic
process were significantly up-regulated by NAC7 in protoplasts
(Figure 6f).

TPS catalyses the first step in the trehalose biosynthetic
pathway in plants by producing T6P that is subsequently
dephosphorylated by T6P phosphatase (TPP) to trehalose. T6P is
an important signalling metabolite that has been shown to
regulate leaf senescence, carbon assimilation, sugar utilization as
well as plant development and reproduction (Ponnu et al., 2011).
Decreased T6P delays the onset of leaf senescence (Ponnu et al.,
2011). Furthermore, one of the current models for T6P in
regulating plant growth and vyield is primarily based on T6P
functioning as a nutrient-sensing factor, which directs sugar from
source to sink tissues for plant growth. Overexpressing TPP and
decreasing T6P level maintained photosynthesis rate in leaves,
increased sugars and amino acids in florets and substantially
improved yield in maize (Nuccio et al.,, 2015; Oszvald et al.,
2018). Although TPP is an important regulator for T6P, here we
present evidence that the T6P level also could be controlled by
NAC7 through TPS. Moreover, there is a conserved NAC binding
motif ‘CGTG’ at 246 bp upstream of the start codon of TPS.
While our work does not exclude contribution from other
signalling pathways that may operate concurrently, such as those
mediated by PP2C that also is a potential target for NAC7, our
investigation provides a logical extension for the biological role of

NAC family members in source to sink communication, by
regulating the T6P pathway. This additional role of NAC7 fits well
with the different mechanisms underlying the stay-green pheno-
type and its relationship to improve yield, allowing a single
transcription factor to perform its roles in the recruitment and
reallocation of cellular nitrogen from senescing parts of the plant
to developing seeds for yield improvement.

In conclusion, although NAC transcription factors are well
studied, there are few comprehensive reports on their regulation
of stay-green and potential for yield improvement in major crops.
In the present study, we identified NAC7 as a novel NAC family
member by QTL mapping and then proved that down-regulation
of nac7 delayed senescence and increased yield in maize in
multiyear, multilocation yield testing. These results outlined a new
hypothesis for NAC7 in regulating stay-green by delaying
proteolysis and hydrolysis, and directing resource translocation
from source to sink via the T6P signalling pathway. Similar
approaches to down-regulate the expression of nac7 orthologs in
other C3 or C4 crops by RNAi or CRISPR technology could provide
a means to significantly increase their yield.

Experimental procedures
Plant materials and growth conditions

The lllinois High Protein 1 (IHP1) and lllinois Low Protein 1 (ILP1)
inbred lines (Uribelarrea et al., 2004) used for QTL mapping were
provided by Dr. Stephen Moose of the University of lllinois. These
lines were grown in field plots at the Crop Sciences Research and
Education Center in Urbana, lllinois. Plants grown with either no
supplemental nitrogen (low N) or nitrogen fertilizer (high N) at a
rate of 100 kg/ha were monitored for leaf senescence at multiple
growth stages for the number of leaves with visible loss of
chlorophyll from more than 50% of total leaf area. From these
same plots, the basal 2 cm of the fully expanded leaf blade was
collected for RNA expression analysis.

Elite maize PHRO3 lines overexpressing nac/7 RNAI construct
were created (see below) and grown in a greenhouse in 4-inch
pots filled with Fafard 3B soil mix for leaf senescence measure-
ments and RNAseq sampling. The plants were arranged as a
randomized complete block with 12 pots around the perimeter of
a 15-well pot rack leaving the centre three spaces empty to
equalize the light received by the plants. Racks were placed in
shallow lidless tubs to be subirrigated with modified Hoagland
solution (Sun et al., 2002), which consisted of 1 mm MgSQy,,
0.5 mm KHyPO4, 1 mm CaCly,, 84 ppm Sprint Fe330, 3 um
H3BO3, 2 pv MnCly, 2 pM ZnSOg, T v CUSO,, 0.12 v NaMoOy,
and 4 mm KNOs. When 50% of the plants reached V3 stage,
irrigation was switched to modified Hoagland solution without
KNOs to promote N-starvation-induced leaf senescence.

Hybrid maize plants overexpressing nac/7 RNAi were grown in
the field with normal agronomic practice to measure plant
biomass and nitrogen content at the R1 stage.

Identification and cloning of a leaf senescence and N
remobilization QTL

The IHP1 and ILP1 were crossed, and the progeny were selfed for
6 generations to generate populations for QTL mapping. The leaf
senescence phenotype was scored visually (1 = IHP1-like, fully
senescenced and yellow, 3 = ILP1-like, not senescenced and
green) in 90 families from an IHP1 x ILP1 Fs population. The Fg
population was genotyped with 239 polymorphic SNP markers.
Quantitative trait locus mapping was conducted with Windows
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QTL Cartographer V2.5 (Wang et al., 2012). To fine-map and
clone the leaf senescence QTL, three Fg plants that were
heterozygous across the QTL interval were selected for self-
pollination to generate a large mapping population.

Phylogenetic and functional domain analysis of NAC7

All the maize NAC sequences were downloaded from the Plant
Transcription Factor database (Jin et al., 2017) and underwent a
redundancy reduction at 95% identity threshold with CD-HIT (Fu
et al., 2012). The resulting nonredundant sequences plus the
NAC domain identified from the crystal structure of the
ANACO019 protein (Welner et al.,, 2012) were aligned together
with ClustalW. To ensure 3D structural integrity, all the sequences
with incomplete NAC domain were purged. A total of 113 unique
and complete maize sequences and 25 well-known NAC proteins
from other species were subject to phylogenetic analysis with
MEGA 6.06 (Tamura et al., 2013). The sequences were aligned
with MUSCLE (Edgar, 2004), and a phylogenetic tree was built
with the maximum likelihood method.

For secondary structural elements and functional motifs
analysis, the amino acid sequence of NAC7 was aligned with
ANACO019, OsSNACT, SINAP2, SIORE1S02, TtNAM-B1 and
TaNAC-S (Fang et al., 2014; Hu et al., 2006; Liu et al., 2014;
Uauy et al., 2006; Zhao et al., 2015) that have shown functional
relevance to yield increase in major crops. MoRF (molecular
recognition features) were predicted by MORFpred, and the PEST
motif was identified by Epestfind.

nac7 RNAI construct

A transgenic RNAIi approach was used to elucidate the function of
NAC7 in an elite maize inbred line PHR03. A suppression DNA
construct containing a 310 bp fragment of nac’ (nucleotides
212-522 of the coding sequence), in the sense and antisense
orientation, with potato LS intron 2 as a spacer, was prepared.
The RNAI cassette with inverted repeats was driven by the Zm-Ubi
promoter and was operably linked to the sorghum bicolor gamma
kafirin terminator (SB-GKAF). The plasmid vector PHP52729
containing the suppression DNA construct also had phospho-
mannose isomerase (PMI) and maize-optimized phosphinothricin-
N-acetyltransferase (MOPAT) driven by maize Ubi and rice Actin
promoters as selectable markers, respectively. Agrobacterium
tumefaciens containing the suppression DNA construct was used
to transform maize to examine the resulting phenotype.

Leaf chlorophyll and flavonol measurement

When the plants reached V3 stage and the 3rd leaf became fully
expanded, leaf senescence was measured at day 1, 3, 6, 8 and 10
until the 3rd leaf was fully senesced. At each time point, leaf
chlorophyll content, flavonol and nitrogen balance index (NBI, the
ratio between chlorophyll and flavonols) of the 3rd leaf were
determined using a Dualex 4 Scientific meter (FORCE-A, Orsay,
France).

Total nitrogen analysis for leaf and grain tissues

Tissue total nitrogen content was determined by combustion
analysis on a Flash 1112EA analyzer (Thermo) configured for N/
Protein determination as described by the instrument manufac-
turer. Dried, finely ground tissue powder samples (25-35 mg;
weighed and recorded to an accuracy of 0.001 mg on a Mettler-
Toledo MX5 microbalance) were prepared in tin capsules prior to
analysis. Per cent N values were determined using the Eager 300
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software (Thermo Scientific, Milan, Italy) based on a calibration of
known standards.

Hybrid yield testing of nac7 RNAI events

Transgenic events of the nac7 RNAI construct were characterized
for transgene copy number and expression by genomic PCR and
RT-PCR, respectively, to select single-copy events for field yield
testing. The null segregants were used as the null controls. Hybrid
seeds were produced with one inbred tester in 1st year and two
testers in 2nd-year field trial. Transgenic events and null controls
were grown in two-row plots at research centres in Johnston,
lowa; Marion, lowa; Dallas Center, lowa; Macomb, lllinois;
Princeton, lllinois; Windfall, Indiana; Plainview, Texas; Union City,
Tennessee; York, Nebraska and Woodland, California. Yield data
were collected with two replicates per location.

Analyses of grain yield from normal nitrogen and well-watered
conditions were performed jointly across all locations by a linear
mixed model with construct, location and interaction between
construct and location as fixed effects. The event, the interaction
of event with location, the interaction of row with location, the
interaction of column with location and block within location
were each analysed as random effects. The heterogeneous
residual variance and a separable AR1 structure for both row
and column directions were fitted for each location. All analyses
were implemented using ASReml (Gilmour et al., 2008). The
mixed model with spatial adjustment reduced the impact of noise
caused by field variability while preserving the genetic signal. The
yield value is shown as the best linear unbiased predictions
(BLUPs) for the difference from the null in megagram/hectare
(Mg/ha).

Stay-green analysis of nac7 RNAI events

Visual stay-green scores were collected in two testing locations in
lowa and Tennessee, with 2 plots per location. Scores ranged
from 1 to 9 with ‘9’ being a fully green canopy and ‘1" being
completely senesced with no green. The scores were taken near
the end of physiological maturity where optimal differences in
canopy senescence can be observed. Two hybrids, hybrid 1 and
hybrid 2, were used to assess potential transgene by genetic
background interaction. Data were analysed by ASREML and
BLUPs were calculated for all entries.

Protoplast isolation and transfection

Maize PHRO3 seedlings were grown in Fafard Super Fine
Germination Mix for 5 days in a growth chamber (30 °C, 60%
RH, 24 h light) before being transferred to a dark growth
chamber (30 °C, 60% RH, 0 h light) for additional 5 days to
obtain etiolated seedlings. These seedlings were subirrigated with
deionized water as needed. Protoplasts were isolated and
transfected with 10 pmols of Ubi:Nac7, 355.Ac-Gfp or a blank
control per 3.0 x 10% protoplasts (Yoo et al, 2007). Four
plasmids by time point replicates were generated and incubated
on 12-well plates. Transfection efficiency was examined by the
GFP marker and gPCR for exogenous Nac7 expression. Cells were
harvested 3, 6, 12, 24 and 48 h after transfection and were flash
frozen in liquid nitrogen before stored at —80 °C. Protoplast RNA
was isolated using a RNeasy Mini kit (Qiagen) for RNAseq analysis.

RNAseq for maize leaf and protoplasts

After the plants reached V3, six leaf punches were taken from the
3rd leaf of each plant. These were immediately frozen in liquid
nitrogen and stored at —80 °C until processed for RNAseq
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analysis. Total RNA was isolated from frozen tissues using a
Qiagen RNeasy Kit for total RNA extraction. Libraries from total
RNA were then prepared using the TruSeq mRNASeq Kit
(Ilumina) and sequenced on an lllumina HiSeq 2500 system.

Clustering analysis of RNAseq data

RNASeq data were aligned to proprietary Maize B73 reference
gene models using Bowtie 2 (Welner et al., 2012), and transcript
abundances were quantified with RSEM (Li and Dewey, 2011).
Expression was modelled for hypothesis testing using a likelihood
ratio test (LRT) in DESeq2 (Love et al., 2014) with the following
full (accounts for transgene) and reduced (ignores transgene)
model designs:

Full : expr = time + transgene + time X transgene

Reduced : expr = time

Proprietary gene model identifiers were annotated with puta-
tive Gene Ontology (GO) terms (Ashburner et al., 2000) and
converted to a public gene model (maize B73 genome assembly
V4.0 (Andorf et al., 2016) using reciprocal BLAST hits.

Since the likelihood ratio test discovers many different expres-
sion patterns, clustering helped organize genes into groups. Self-
organizing maps (SOMs) were used to cluster genes such that
nac7 expression and functional categories could be compared to
groups of genes at different levels of granularity. A SOM was
employed for each data set (nac7 RNAi and overexpression) using
the following steps: treatment counts were normalized using
DESeq2’s variance stabilizing transformation. Next, differentially
expressed genes (DEGs) were used to train a SOM using a sum of
squares distance measure (equivalent to a squared Euclidean
distance) in the R (RCoreTeam, 2014) package kohonen (Wehrens
and Buydens, 2007). Then, each expression profile in the
transcriptome, including non-DEGs, was assigned to its best-
fitting SOM node, and the DEGs in each cluster were tested for
GO enrichment against the rest of the genes in the cluster using
the topGO (Wehrens and Buydens, 2007) R package. Thus,
functional enrichment was conditioned on behaviour, that is
DEGs versus other genes which behave similarly, but lack a
specific transgene effect.

Pathway enrichment analysis

Additionally, Gene Set Variation Analysis (GSVA) (Hanzelmann
et al., 2013) was used to aggregate individual expression profiles
into gene set concordant expression scores. The GSVA Concor-
dant Expression Scores represent a profile for the set. Gene sets
analysed this way include genes annotated with specific GO terms
found to be enriched with SOM nodes and clusters near nac”.
Likelihood ratio tests were performed on GSVA profiles similarly
to those of individual genes, except scores were modelled using
the R Generalized Linear Model (glm) function. GSVA Concordant
Expression Scores and LRT results were plotted for GO categories.

Acknowledgements

We acknowledge Gina Zastrow-Hayes for supervising the RNAseq
experiments and Wangnan Hu for gPCR analysis. We thank
Charlie Messina for helpful input on the physiological experi-
ments, John Everard and Jeff Habben for critical review of the
manuscript, and Dale Loussaert for initiating the IHP/ILP collab-
oration project. The authors acknowledge Eddie Ross, Stephen
Jinga and Brian Rhodes for their assistance with sequencing nac’

alleles of IHP and ILP. Farag Ibraheem and Jennifer Arp were
supported by NSF grants 105-0501700 and 1339362. We also
recognize our colleagues who conducted excellent field trials at
our research stations. We thank the many Dupont Pioneer staff
members for their contribution to vector construction, transfor-
mation, RNAseq and greenhouse support. We also thank Tom
Greene for his organizational leadership support for this project.

Conflict of interest

This work was funded by DuPont Pioneer, a for-profit agricultural
technology company, as part of its research and development
programme. J.Z., K.F., J.L.V.H., R.G., N.M., J.S.,, WA, BW.,, R.L,
H.M., ZH., AB., B.L. and B.S. were DuPont Pioneer employees
when contributing to this work.

References

Andorf, C.M., Cannon, E.K., Portwood, J.L. 2nd, Gardiner, J.M., Harper, L.C.,
Schaeffer, M.L., Braun, B.L. et al. (2016) MaizeGDB update: new tools, data
and interface for the maize model organism database. Nucleic Acids Res. 44,
D1195-D1201.

Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D., Butler, H., Cherry, J.M.,
Davis, A.P. et al. (2000) Gene ontology: tool for the unification of biology.
The gene ontology consortium. Nat. Genet. 25, 25-29.

Avila-Ospina, L., Moison, M., Yoshimoto, K. and Masclaux-Daubresse, C. (2014)
Autophagy, plant senescence, and nutrient recycling. J. Exp. Bot. 65, 3799—
3811.

Below, F., Seebauer, J., Uribelarrea, M., Schneerman, M. and Moose, S. (2004)
Physiological changes accompanying long-term selection for grain protein in
maize. Plant Breed. Rev. 24, 133-152.

Christiansen, M.W. and Gregersen, P.L. (2014) Members of the barley NAC
transcription factor gene family show differential co-regulation with
senescence-associated genes during senescence of flag leaves. J. Exp. Bot.
65, 4009-4022.

Diaz, C., Lemaitre, T., Christ, A., Azzopardi, M., Kato, Y., Sato, F., Morot-
Gaudry, J.F. etal (2008) Nitrogen recycling and remobilization are
differentially controlled by leaf senescence and development stage in
Arabidopsis under low nitrogen nutrition. Plant Physiol. 147, 1437-1449.

Duvick, D., Smith, J., Cooper, M. and Janick, J. (2010) Long-term selection in a
commercial hybrid maize breeding program. Janick. I. Plant Breeding
Reviews. Part, 2, 109-152.

Edgar, R.C. (2004) MUSCLE: multiple sequence alignment with high accuracy
and high throughput. Nucleic Acids Res. 32, 1792-1797.

Falcone Ferreyra, M.L., Rius, S.P. and Casati, P. (2012) Flavonoids: biosynthesis,
biological functions, and biotechnological applications. Front Plant Sci. 3, 222.
Fang, Y., Xie, K. and Xiong, L. (2014) Conserved miR164-targeted NAC genes
negatively regulate drought resistance in rice. J. Exp. Bot. 65, 2119-2135.
Fu, L., Niu, B., Zhu, Z., Wu, S. and Li, W. (2012) CD-HIT: accelerated for
clustering the next-generation sequencing data. Bioinformatics, 28, 3150—

3152.

Furbank, R.T. and Taylor, W.C. (1995) Regulation of Photosynthesis in C3 and
C4 Plants: A Molecular Approach. Plant Cell, 7, 797-807.

Gilmour, A., Gogel, B., Cullis, B., Thompson, R., Butler, D., Cherry, M., Collins,
D. et al. (2008) ASReml user guide release 3.0. VSN Int Ltd.

Giovannoni, J.J. (2004) Genetic Regulation of Fruit Development and Ripening.
Plant Cell, 16, S170-5180.

Gregersen, P.L., Culetic, A., Boschian, L. and Krupinska, K. (2013) Plant
senescence and crop productivity. Plant Mol. Biol. 82, 603-622.

Guiboileau, A., Yoshimoto, K., Soulay, F., Bataille, M.P., Avice, J.C. and
Masclaux-Daubresse, C. (2012) Autophagy machinery controls nitrogen
remobilization at the whole-plant level under both limiting and ample nitrate
conditions in Arabidopsis. New Phytol. 194, 732-740.

Guo, Y., Cai, Z. and Gan, S. (2004) Transcriptome of Arabidopsis leaf
senescence. Plant Cell Environ. 27, 521-549.

© 2019 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1-14



Guo, F., Yu, H., Xu, Q. and Deng, X. (2015) Transcriptomic analysis of
differentially expressed genes in an orange-pericarp mutant and wild type in
pummelo (Citrus grandis). BMC Plant Biol. 15, 44.

Hanaoka, H., Noda, T., Shirano, Y., Kato, T., Hayashi, H., Shibata, D., Tabata, S.
et al. (2002) Leaf senescence and starvation-induced chlorosis are
accelerated by the disruption of an Arabidopsis autophagy gene. Plant
Physiol. 129, 1181-1193.

Hanzelmann, S., Castelo, R. and Guinney, J. (2013) GSVA: gene set variation
analysis for microarray and RNA-seq data. BMC Bioinformatics, 14, 7.

Hortensteiner, S. (2006) Chlorophyll degradation during senescence. Annu.
Rev. Plant Biol. 57, 55-77.

Hortensteiner, S. (2009) Stay-green regulates chlorophyll and chlorophyll-
binding protein degradation during senescence. Trends Plant Sci. 14, 155-
162.

Hu, H., Dai, M., Yao, J., Xiao, B., Li, X., Zhang, Q. and Xiong, L. (2006)
Overexpressing a NAM, ATAF, and CUC (NAC) transcription factor enhances
drought resistance and salt tolerance in rice. Proc. Natl Acad. Sci. 103,
12987-12992.

Jensen, M.K. and Skriver, K. (2014) NAC transcription factor gene regulatory
and protein-protein interaction networks in plant stress responses and
senescence. IUBMB Life, 66, 156—-166.

Jeong, J.S., Kim, Y.S., Redillas, M.C., Jang, G., Jung, H., Bang, S.W., Choi, Y.D.
et al. (2013) OsNAC5 overexpression enlarges root diameter in rice plants
leading to enhanced drought tolerance and increased grain yield in the field.
Plant Biotechnol. J. 11, 101-114.

Jin, J., Tian, F., Yang, D.C., Meng, Y.Q., Kong, L., Luo, J. and Gao, G. (2017)
PlantTFDB 4.0: toward a central hub for transcription factors and regulatory
interactions in plants. Nucleic Acids Res. 45, D1040-D1045.

Kato, Y., Murakami, S., Yamamoto, Y., Chatani, H., Kondo, Y., Nakano, T.,
Yokota, A. et al. (2004) The DNA-binding protease, CND41, and the
degradation  of  ribulose-1,5-bisphosphate  carboxylase/oxygenase in
senescent leaves of tobacco. Planta, 220, 97-104.

Khan, M., Rozhon, W. and Poppenberger, B. (2014) The role of hormones in
the aging of plants-a mini-review. Gerontology, 60, 49-55.

Kim, H.J., Nam, H.G. and Lim, P.O. (2016) Regulatory network of NAC
transcription factors in leaf senescence. Curr. Opin. Plant Biol. 33, 48-56.
Lam, K.C., Ibrahim, R.K., Behdad, B. and Dayanandan, S. (2007) Structure, function,

and evolution of plant O-methyltransferases. Genome, 50, 1001-1013.

Lee, E.A. and Tollenaar, M. (2007) Physiological basis of successful breeding
strategies for maize grain yield. Crop Sci. 47, S-202-5-215.

Li, B. and Dewey, C.N. (2011) RSEM: accurate transcript quantification from
RNA-Seq data with or without a reference genome. BMC Bioinformatics, 12,
323.

Li, F., Chung, T., Pennington, J.G., Federico, M.L., Kaeppler, H.F., Kaeppler,
S.M., Otegui, M.S. et al. (2015) Autophagic recycling plays a central role in
maize nitrogen remobilization. Plant Cell, 27, 1389-1408.

Lira, B.S., Gramegna, G., Trench, B.A., Alves, F.R.R., Silva, E.M., Silva, G.F.F.,
Thirumalaikumar, V.P. et al. (2017) Manipulation of a Senescence-Associated
Gene Improves Fleshy Fruit Yield. Plant Physiol. 175, 77-91.

Liu, G., L, X, lin, S, Liu, X, Zhu, L., Nie, Y. and Zhang, X. (2014)
Overexpression of rice NAC gene SNAC1 improves drought and salt tolerance
by enhancing root development and reducing transpiration rate in transgenic
cotton. PLoS ONE, 9, e86895.

Love, M.I.,, Huber, W. and Anders, S. (2014) Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15,
550.

Lu, M., Sun, Q.-P., Zhang, D.-F., Wang, T.-Y. and Pan, J.-B. (2015) Identification
of 7 stress-related NAC transcription factor members in maize (Zea mays L.)
and characterization of the expression pattern of these genes. Biochem.
Biophys. Res. Commun. 462, 144-150.

Ma, X., Zhang, Y., Tureckova, V., Xue, G.P., Fernie, A.R., Mueller-Roeber, B.
and Balazadeh, S. (2018) The NAC Transcription Factor SINAP2 Regulates
Leaf Senescence and Fruit Yield in Tomato. Plant Physiol. 177, 1286-1302.

Moose, S.P., Dudley, J.W. and Rocheford, T.R. (2004) Maize selection passes
the century mark: a unique resource for 21st century genomics. Trends Plant
Sci. 9, 358-364.

Nuccio, M.L., Wu, J., Mowers, R., Zhou, H.P., Meghji, M., Primavesi, L.F., Paul,
M.J. et al. (2015) Expression of trehalose-6-phosphate phosphatase in maize

nac7 RNAi improves functional stay-green and yield 13

ears improves yield in well-watered and drought conditions. Nat. Biotechnol.
33, 862-869.

Oszvald, M., Primavesi, L.F., Griffiths, C.A., Cohn, J., Basu, S.S., Nuccio, M.L.
and Paul, M.J. (2018) Trehalose 6-Phosphate Regulates Photosynthesis and
Assimilate Partitioning in Reproductive Tissue. Plant Physiol. 176, 2623—
2638.

Peng, X., Zhao, Y., Li, X., Wu, M., Chai, W., Sheng, L., Wang, Y. et al. (2015)
Genomewide identification, classification and analysis of NAC type gene
family in maize. J. Genet. 94, 377-390.

Pingali, P.L. (2012) Green Revolution: Impacts, limits, and the path ahead. Proc.
Natl Acad. Sci. 109, 12302-12308.

Ponnu, J., Wahl, V. and Schmid, M. (2011) Trehalose-6-phosphate: connecting
plant metabolism and development. Front Plant Sci 2, 70.

Puranik, S., Sahu, P.P., Srivastava, P.S. and Prasad, M. (2012) NAC
proteins: regulation and role in stress tolerance. Trends Plant Sci. 17,
369-381.

RCoreTeam (2014) R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/

Richards, R.A. (2000) Selectable traits to increase crop photosynthesis and yield
of grain crops. J. Exp. Bot. 51, 447-458.

Roberts, I.N., Caputo, C., Criado, M.V. and Funk, C. (2012) Senescence-
associated proteases in plants. Physiol. Plant. 145, 130-139.

Schippers, J.H. (2015) Transcriptional networks in leaf senescence. Curr. Opin.
Plant Biol. 27, 77-83.

Schulte auf'm Erley, G., Begum, N., Worku, M., Banziger, M. and Horst, W.J.
(2007) Leaf senescence induced by nitrogen deficiency as indicator of
genotypic differences in nitrogen efficiency in tropical maize. J. Plant Nutr.
Soil Sci. 170, 106-114.

Smith, D.L. and Gross, K.C. (2000) A family of at least seven beta-galactosidase
genes is expressed during tomato fruit development. Plant Physiol. 123,
1173-1183.

Sun, J., Gibson, K.M., Kiirats, O., Okita, T.W. and Edwards, G.E. (2002)
Interactions of Nitrate and CO2 Enrichment on Growth, Carbohydrates, and
Rubisco in Arabidopsis Starch Mutants. Significance of Starch and Hexose.
Plant Physiol. 130, 1573-1583.

Tamura, K., Stecher, G., Peterson, D., Filipski, A. and Kumar, S. (2013) MEGAG6:
molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30,
2725-2729.

Thomas, H. and Ougham, H. (2014) The stay-green trait. J. Exp. Bot. 65, 3889~
3900.

Thomas, H. and Stoddart, J.L. (1980) Leaf Senescence. Annu. Rev. Plant Physiol.
31, 83-111.

Uauy, C., Distelfeld, A., Fahima, T., Blechl, A. and Dubcovsky, J. (2006) A NAC
Gene regulating senescence improves grain protein, zinc, and iron content in
wheat. Science, 314, 1298-1301.

Uribelarrea, M., Below, F.E. and Moose, S.P. (2004) Grain composition and
productivity of maize hybrids derived from the lllinois protein strains in
response to variable nitrogen supply. Crop Sci. 44, 1593-1600.

Wang, S., Basten, C.J. and Zeng, Z.B. (2012) Windows QTL Cartographer 2.5.
Department of Statistics, North Carolina State University, Raleigh, NC. http://
statgen.ncsu.edu/gticart/WQTLCart.htm

Webhrens, R. and Buydens, L.M.C. (2007) Self- and Super-organizing Maps in R:
the kohonen Package. J. Stat. Software 21, 19.

Welner, D.H., Lindemose, S., Grossmann, J.G., Mollegaard, N.E., Olsen, A.N.,
Helgstrand, C., Skriver, K. et al. (2012) DNA binding by the plant-specific
NAC transcription factors in crystal and solution: a firm link to WRKY and
GCM transcription factors. Biochem. J. 444, 395-404.

Wright, A.D., Moehlenkamp, C.A., Perrot, G.H., Neuffer, M.G. and Cone, K.C.
(1992) The maize auxotrophic mutant orange pericarp is defective in
duplicate genes for tryptophan synthase beta. Plant Cell, 4, 711-719.

Yoo, S.-D., Cho, Y.-H. and Sheen, J. (2007) Arabidopsis mesophyll protoplasts: a
versatile cell system for transient gene expression analysis. Nat. Protoc. 2, 1565.

Zhang, K. and Gan, S.S. (2012) An abscisic acid-AtNAP transcription factor-
SAG113 protein phosphatase 2C regulatory chain for controlling dehydration
in senescing Arabidopsis leaves. Plant Physiol. 158, 961-969.

Zhao, D., Derkx, A.P., Liu, D.C., Buchner, P. and Hawkesford, M.J. (2015)
Overexpression of a NAC transcription factor delays leaf senescence and
increases grain nitrogen concentration in wheat. Plant Biol. 17, 904-913.

© 2019 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1-14


http://www.R-project.org/
http://statgen.ncsu.edu/qtlcart/WQTLCart.htm
http://statgen.ncsu.edu/qtlcart/WQTLCart.htm

14 Jun Zhang et al.

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1 Comparison of the senescence phenotype of ILP1 and
IHP1 lines across their growth stages.

Figure S2 nac7 sequence variation between ILP1 and IHP1 line.
Figure S3 Phylogenetic tree of putative NAC transcription factors
from maize together with the senescence or stress-related NAC
family members from Arabidopsis thaliana, Oryza sativa, Solanum
lycopersicum and Triticum.

Figure S4 Functional domains of NAC7, ANAC019 and selected
NAC family members from rice (OsSNAC1), wheat (TtNAM-B1
and TaNAC-S) and tomato (SIORE1S02 and SINAP2).

Figure S5 A self-organized map (SOM) shows clustering of DEGs
regulated by NAC7 in two RNAseq experiments: nac/7 RNA| leaves
(a) and protoplasts overexpressing Nac7 (b).

Figure S6 nac7 RNAI increased expression of photosynthesis-
associated enzyme genes when compared to the null.

Figure S7 Gene Set Variation Analysis (GSVA) showed regulation
of photosynthesis, autophagy and proteolysis pathways by NAC7
in protoplasts.

Table S1 Sequence data from this article can be accessed under
the following accession numbers.

Table S2 List of DEGs in the nac7 node identified from nac7 RNAI
leaves by RNAseq.
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