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Leaf senescence is a typical symptom of heat damage in cool-season plant species. The objective of this
study was to determine whether melatonin could suppress heat-induced leaf senescence in perennial
ryegrass (Lolium perenne L) and whether melatonin interacted with abscisic acid (ABA) and cytokinin

Avalzble enline 27 February 2017 {CK] to exert its biological function. Perennial ryegrass (cv. ‘Pinnacle’) plants were foliar sprayed with

in or water and exposed to heat stress at 38{33=C (day/night) and non-stress condition at 22
Keywards: 17°C for 28d in growth chambers. Exogenous application of melatonin alleviated growth inhibition and
Perennial ryegrass leaf senescence induced by heat stress, as manifested by significant higher tiller number, above-ground
Hezt sirea dry weight, plant height, turf quality, leaf chiorophyll {Chl) content, photochemical efficiency (FvfFm), net
ﬁ;ﬂﬁcm! photosynthesis rate, and cell membrane stability in melatonin-treated plants compared to non-
Abseisic ackd melatonin treatment under heat stress. The suppression of heat-induced leaf senescence by melatonin
Cytakinin was also reflected by the reduction of transcript levels of senescence-associated genes (LpSAGIZ1 and

Iphi6) in plants exposed to heat stress. Melatonin treatment increased the endogenous content of
melatonin and CK content, whereas it decreased ABA content under heat stress. The expression of CK
biosynthesis genes and its signaling response transcription factors (type B ARRs) were up-regulated,
while the biosynthesis and signaling genes involved in ABA were down-regulated by melatonin
treatment under heat stress. These results indicate that the suppression of heat-induced leaf senescence
by exogenous melatonin could be associated with activating CK synthesis and signaling while inhibiting
ABA synthesis and signaling in perennial ryegrass.

@ 2017 Elsevier BV, All rights reserved.

1. Introduction

Traditional plant hormanes, such as cytokinins (CK] and
ahbscisic acid (ABA), are known to play critical roles in regulating
plant growth and development, as well as plant responses to
abiotic stresses (Kirkham, 1983; Li et al, 1992). Melatonin
{N-acetyl-5-methoxytryptamine), an important neurchormone
for mammals, was first identified in the pineal gland of bovine
in 1958 (Lerner et al, 1958), and also in plants {Dubbels et al,, 1995;
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Hattori et al., 1995). It acts in various plant cellular metabalic and
biological processes, including rooting (Park and Back, 2012),
phaotosynthesis (Lazar et al., 2013), chlorophyll catabalism (Arnao
and Herndndez-Ruiz, 2009), and stress tolerance (Lianget al., 2015;
Zhang et al, 2016a). In particular, either exogenous applying
melatonin or increasing the endogenous melatonin content by
overexpressing its biosynthetic gene{s) can significantly improve
plant tolerance against stresses caused by cold ar high tempera-
ture, drought, UV irradiation, and salt by acting as an effective
antioxidant, membrane stahilizer, and biostimulatar in moedifying
the expression of redex netwark genes (Arnac and Herndndez-
Ruiz, 2014). Exogenous melatonin treatment leads to improved
drought tolerance and delayed leaf senescence, which has been
associated with decreased ABA content and down-regulated gene
expression of the ABA pathway (Li et al. 2015). Arnac and
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A cold responsive ethylene responsive factor from Medicago
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1 | INTRODUCTION

Abstract

Ethylene responsive factor (ERF) subfamily transcription factors play an important role in plant
abiotic and biotic stress tolerance. A cold responsive ERF, MfERF1, was isolated from Medicago
falcata, an important forage legume that has great cold tolerance. Overexpression of MERF1
resulted in an increased tolerance to freezing and chilling in transgenic tobacco plants, whereas
down-regulation of the ortholog of MfERF1 in Medicago truncatula resulted in reduced freezing
tolerance in RMAI plants. Higher transcript levels of some stress responsive genes (CHNSO,
0OSM, ERDI0C, and SAMS) and those involved in spermidine (Spd) and spermine (Spm)
synthesis (SAMDC1, SAMDC2, SPD$1, S5PDS2, and SPMS) and catabolism (PAQ) were observed
in transgenic plants than in wild type. However, neither Spd nor Spm level was accumulated in
transgenic plants as a result of promoted polyamine oxidase activity. Transgenic plants had higher
activities of antioxidants associated with the induced encoding genes including Cu, Zn-50D,
CAT1, CAT2, CAT3, and cpAPX and accumulated more proline associated with induced P5CS
and reduced PROXZ2 transcription as compared with wild type. The results suggest that
MfERF1 confers cold tolerance through promoted polyamine turnover, antioxidant protection,
and proline accumulation.

KEYWORDS
polyamine oxidation, spermidine, spermine

maintain stability of membrane, proteins, and ion homeostasis and
to scavenge ROS (Keunen et al, 2013; Szabados & Savouré, 2010),

Cold stress has adverse effects on plant growth and crop vields,
Temperate plants have evolved a mechanism called cold acdimation,
by which they respond to a period of low but non-freezing temper-
atures to increase their capacity to survive to the subsequent
freezing temperatures. Thousands of genes are reprogrammed in
expression, and multiple metabolic pathways are modified during
cold acdimation (Krasensky & Jonak, 2012). The common responses
included at least accumulated cryoprotectant molecules such as sol-
uble sugars, sugar alcohok, and low molecular weight nitrogenous
compounds (proline and glycine betaine) and activated antioxidant
defence system (Keunen, Peshev, Vangronsveld, Van den Ende, &
Cuypers, 2013; Szabados & Savoure, 2010). Antioxidant defence
system functions to scavenge the accumulated reactive oxygen
species [ROS) in plant cells (Suzuki, Koussevitzky, Mittler, &
Miller, 2012), whereas the cryprotectant molecules function to

Transcription factors play a pivotal role in regulation of downstream
defence gene expression and metabolic pathway rearrangement.
Ethylene responsive factors (ERFs) belong to AP2/ERF superfam-
ily transcription factors and are involved in plant responses to multiple
environmental stresses. In addition to the important role of ERFs in
regulation of plant pathogen resistance through binding with GCC
box [AGCCGCC) and modulating the expression of ethylene/salicdic
acid/jasmonic acid-regulated pathogenesis-related (PR) genes (Zarei
et al, 2011; Zhu et al, 2014}, some ERFs regulate plant tolerance to
abiotic stress, such as drought, salt, and cold. Overexpression of pep-
per transcription factor (CaPF 1), which encodes a group VIl family pro-
tein in pepper (Capsicum annuum), resulted in elevated tolerance to
pathogen and freezing stresses in transgenic Arobidopsis as a result of
induced expression of PR and cold-regulated genes (¥i et al, 2004)
and enhanced tolerance to drought, salinity, and freezing in transgenic

Plant Cell Emdron, 2018;41:2021-2032,
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Ensiling as pretreatment of rice straw: The effect of hemicellulase and
Lactobacillus plantarum on hemicellulose degradation and cellulose

conversion
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ARTICLE INFO ABSTRACT

Keywonds: The fi i t structural carbohyd degradation and ic hydrolysis of rice straw
Rice straw ensiled with & llulase and L bacillus pl were ined. Fresh rice straw was ensiled in 1-L la-
Hemicellulase boratary silos with ne additive eontrel (CK), L I (L), hemicellulase (HC) and hemicellulase + L. plan-
Lactobailius plantarum tarum (HCL) for 6, 15, 30 and 60 days. All additives increased lactic acid concentration, and reduced pH and
Enzymatic hydralysis

lignocellulasic content of the resulting silage relative to the control. The highest organic acid and residual sugar
mnter\ls and lignocellulase degradauon were observed in HCL silage. Hemicellulase alone or combined with L.

p d the drolysis with higher glucose yield and cellulose canvertibility. Fresh rice
sl.raw ensiled with the combined additives increased feedstock preservation and cellulose conversion, and is thus
recommended as a biological pretreatment for subsequent biofuel production.

Cellulose convertibility

1. Introduction

being effective pretreatment, since ensiling the process preserves more
than 90% of a plant’s energy (Egg et al., 1993) and improves the en-

With the depletion of fossil and i ing re- zymatic hydrolysis compared with the raw material (Li et al.. 2018].
garding climate change, clean and ble biofuels as al tives Ambyejensen et al. (2013) repm‘ted that ensiling prmoms bnusted the
have attracted attention. Lignocellulose bi which pn- cel]ulose convertibility in green t and provi ights into
marily ists of cellul icellulose and lignin, is a p @ ion. Gallegos et al. [J[]L] a]so ohserved that ensiling
feedstock for biofuel prmducuon due to its high availability and low cost fe ion was a ful biol I pr for straw-like

(Nguyen et al., 2010). Cereal straw is a type of li
material that is generated in large quantities wnrldwlde every year.
Approximately 21 M'[‘yr_' of rice straw was produced after rice har-
vesting accounting for 47% of the total crop residue in China (Wang
et al.,, 2010; Chen, 2016). However, plenty of rice straw has been left
unused, improperly disposed or burnt directly, wasting resource and
causing environmental pollution (Murali et al., 2010), indicating a need
for better rice straw disposal methodologies.

Rice straw is recalcitrant to chemical and biological degradation
with its complicated structure, thus pretreatment of this lignocellulosic
biomass is necessary prior to its subsequent transformation and com-
prehensive utilization. In addition, because of the seasonality of straw
harvesting and annual supply of feedstock needed, long-term effective
storage of harvested straw is required. Ensiling is a promising tech-
nology for supplying year-round availability of feedstock as well as

« Camespanding authar.
E-mail address: taoshaolani@163.com (T. Shao).
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i and effectively increased bmgas production in wheat straw
silage.

Owing to the li of straw ial, various additives, in-
cluding lactic acid bacteria (LAB) and enzymes, are commonly applied
to improve its fermentation quality, silage preservation and fibre wti-
lization. Lactobacillus plantarum, a facultative homofermentation LAB,
has often been applied to rice straw silage (Fang et al., 2012). Hemi-
cellulose is the second most plentiful organic material and is known to
generally hydrolyse better for biogas production than cellulose, pos-
sibly due to its amorphous structure and much lower polymerization
level compared to cellulose. Thus, in this study, exogenous hemi-
cellulase and L. plantarum were used to improve the efficiency of rice
straw utilization. Hemicellulase is a compl yme that breaks down
the backbone of xylan and arabinose side chains (Yang er al.. 2017],
and release pentose (xylose and arabinose). Tanjore et al. (2012)
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Dynamics of microbial community and fermentation quality during ensiling | )
of sterile and nonsterile alfalfa with or without Lactobacillus plantarum )
inoculant
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ARTICLE INFO ABSTRACT

Keywards: To reveal the mechanism of the survival and adaption of inoculated Lactobacillus plantarum during ensiling.
Alfalfa Alfalfa was ensiled directly (A1), after y-ray irradiation (A0), and after inoculation of the sterile (AOL) or fresh
v-Ray irradiation alfalfa (A1L) with Lacrobacillus plantarum. The AOL had the higher lactic acid content and lower pH than that in
Ensiling AIL from 3 days of ensiling. Pediococcus was the dominant microbes in A1 silage, followed by Enterococcus and
Lactabacillis plantarum

Lactobacillus, while Loctobacillus in A1L outnumbered all other genera at 3d. In AOL silage, the relative abun-

High th h i
Igh theoughpt: sequencing dance of Lactobacillus inereased to 99.13% at day 3. It indicated that Lactobacillus could dominated the fer-

of | i

irradiated alfalfa.

1 silages

of the y-ray i igh there was a short lag period for

1. Introduction

As a traditional forage preservation method, ensiling is a microbial-
based and anaerobic fermentation process dominated by lactic acid
bacteria (LAB), which convert water soluble carbohydrates (WSC) into
organic acids, mainly lactic acid, resulting in the decline of pH and
inhibition of undesirable microorganisms (Duniére et al, 2013;
Eikmeyer et al., 2013). Ensiling takes place by complex microbial
communities enclosed in silos, once sealed, the microorganisms capable
of anaerobic growth begin to grow and compete for available nutrients,
the relative abundance of their members may vary and the « ities

plantarum (L. plantarum) has been used to enhance the lactic acid fer-
mentation and improve the alfalfa silage quality (Ogunade et al., 2018).
However, the response to inoculants varies with many factors, in-
cluding the epiphytic mi g in fresh ials and the pro-
liferated prosperity of the inoculants, and few studies have examined
the effects of epiphytic microorganisms on the survival of inoculated
bacteria.

Actually, it is difficult to reveal the respective dynamics of exo-
genous bacteria and epiphytic microorganisms during alfalfa ensiling,
since both occur in the silos. Some techniques have been used to obtain
sterile sub in silage research, including autoclaving (Graham

tend to establish itself, which is decisive for the later performance of
silages. If LAB will quickly dominate the initial silage fermentation, the
competing microorganisms will not survive and the end result will be a
stable, low pH silage, otherwise, the end result will be a poorly fer-

mented silage.
Alfalfa is one of the most important forage crops used for ensiling
worldwide (Duniére et al, 2013), h , alfalfa is recognized as

more difficult to ensile than other forages because of high buffering
capacity and low WSC content (Nkosi et al, 2016). Besides, the mi-
crobial composition also plays important role in the fermentation
during alfalfa ensiling, McAllister et al. (2018) claimed that microbial
populations associated with alfalfa silages appeared to be more diverse
than those associated with cereal silages, resulted in the growth of
undesirable microbes and a worse fermentation quality. Lactobacillus

* Corresponding authar.
E-mail address: taoshaolan@ 163.com (T. Shaa).

https://doi.org/10.1016/j.biortech 2018.12.067

et al., 1985), heating (121 *C for 20 min) (Mogodiniyai Kasmaei et al
2014) and y-ray radiation (Heron et al., 1986). Autoclaving and heating
could destroy plant enzymes and physical structure, which affected the
fermentation dynamics of silages. Sterilization by y-ray irradiation has
been used to differentiate the effects of plant enzymes from those of
microbial activity on lipolysis and proteolysis in ensiled alfalfa (Ding
et al., 2013).

The objective of this study was to reveal the mechanism of the
survival and adaption of inoculated L. plantarum during ensiling of al-
falfa, the changes in microbial community composition during the early
stage of alfalfa silage excluding the effect of epiphytic microorganisms
by y-ray irradiation were determined by high throughput sequencing.

Received 7 November 2018; Received in revised form 18 December 2018; Accepted 19 December 2018

Available online 21 December 2018
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ARTICLE INFO ABSTRACT

Keywords: Two bacteria strains with cellulolytic patential iselated from Tibetan yak (Bos grunniens) rumen were identified
Cellulolytie bacteria as Enterococeus foecalis (JE85) and Enterococcus faecium (Y83). Isolates grow well within a range of temperature
e 15 to 55°C and pH 3.0-7.0, respectively. Two strains were inoculated with or without Lactobacillus plantarum
;’]’:“mm (Lp) to Pennisetum sinese silage for 90 days. All inoculants increased lactic acid content, decreased pH and lig-
28 . . . N N .
Enaymatie hydralysis nocellulose contents compared with silage without additives (control). The lowest pH, highest lactic acid and

largest reduction in lignocellulose contents were observed in JF85+Lp and Y83 +Lp silages. Isalates alone or in
combination with Lp significantly increased WSC, mono- and disaccharides contents as compared to the control.
Combined addition efficiently improved ic hydrolysis of Pe sinese silage, indicated by higher
glucose yield and cellulose convertibility. Pennisetum sinese ensiled with combined additives is a suitable storage

and pretreatment method prior to sugars production from energy crop.

1. Introduction

The progressive depletion of fossil fuels, environmental pollution
and climate change have triggered the global demand for renewable
and sustainable energy. Lignocellulosic biomasses, including energy
crops and agricultural residues offer potential substrates for the pro-

round supply of carbohydrates for maintaining viable bioenergy supply
chains. Ensiling is not only an appropriate method of storing feedstock
for biofuel production with the potentially very low loss of carbohy-
drates but also a biological pretreatment method (Herrmann et al.,
2011). Ensiling is widely used to preserve animal feed, and applicable
to conserve lignocellulosic biomass such as P. sinese for biofuel pro-

duction of renewable energy through bi ion (enzymatic hy-
drolysis and fe lulosic bi is the most abun-
dant polymeric carbohydrates in the world and can be used as feedstock
to generate fermentable sugars for sustainable biofuel production.
Pennisetum sinese, a hybrid of Penni: purp and Pennis
americanum, is a monocot C4 perennial grass and has been widely used
as an energy crop (Li et al., 2014). P. sinese is well adapted to a wide
variety of soils types, fertility levels, and weather conditions, and
capable of yielding high biomass about 40 t DM per hectare per year (Lu
et al., 2014). Thus, it has become an attractive renewable resource for
the production of biofuel, feed, and chemical due to its low energy
input, high yield potential, and wide availability in tropics and sub-
tropics of Asia (Peng et al., 2017).

In the tropical and some subtropical regions, including south of
China, the temperatures are suitable for P. sinese growth in early spring
and later autumn. However, fresh grasses are not available during the
winter months (Chou et al., 2009) hence constraining the supply pat-
terns. The efficient conservation of fresh grasses could ensure yearly-

ion). Lig

= Correspanding author.
E-mail address: shactaola@163.com (T. Shac).
! These authars contributed equally to this wark.
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ilage has proven to be better than fungal pretreatment for
preserving giant reed harvested from August through December, since it
could result in higher glucose and methane yields than untreated and
fungal pretreated giant reed for all harvested times (Liu et al., 2016).
Zheng et al. (2012) also reported that the ensiling process significantly
improved the enzymatic digestibility of sugar beet pulp as compared to
raw sugar beet pulp.

P. sinese demonstrates difficulty to ensiling due to its coarse and
stemmy structures alongside low water soluble carbohydrate (WSC) and
high fiber contents. Exogenous fibrolytic enzyme has been explored to
induce direct conversion of structural carbohydrates into soluble sugars
for LAB fermentation (Wang et al., 2002; Colombatto et al., 2004), but,
high cost and instability of commercially enzymes limited their wide-
spread application in silage. Microorganisms action altogether presents
a combined storage and pretreatment benefits which require less energy
and affords easy handling (Adekunle et al., 2016). Therefore, screening
and isolating fibrolytic microorganism lineages with high substrate
specific activities and stability is very crucial.

Received 24 January 2018; Received in revised form 13 February 2018; Accepted 14 February 2018

Available online 17 February 2018
0060-8524/ € 2018 Elsevier Ltd. All rights reserved.
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ARTICLE INFO ABSTRACT

Keywords: Bluluswal inoculants were tested on Punuﬂumsm:u for their effects on fermentation characteristics, structural
Cellulolytic microarganisms cark il 1 and A, [ yields. sinese was ensiled without additive,
E‘lrz.ymal:i: hydralysis anwbncii.lus gl (Lp), Trichod reesei (Tr), fibrolyti (E), and Enterococcus faecium (Y83) for
E?"]m 90 days. Y83 silages had higher LA and lower AA, ammonia-N and DM loss as compared to E and Tr silages. Tr
I.lgmee]lnh::m and E had superior effects for degrading lignocellulose while Y83 had intermediate effects. The first-order ex-

ponential decay models (R* = 0.928-0.998) predicted tural carbohy kinetics and d

high water soluble carbohydrate (g/kg DM) preservation potential in Y83 (21.40), followed by Tr (18.94) and E
(16.74). Addition of Y83 improved the o ion efficiency of P. sinese silage than Tr and E, indicated by higher
glucose and total reducing sugars yield (22.49 and 36.89 w/w % DM, respectively). In conclusion, Y83 can be

exploited for the ensiling lignocellulosic biomass before grass processing.

1. Introduction

The high global dependency on fossil fuels has led to the uncertain
future on the use of petroleum resources. Concerns about climate
change and environmental pollution have led to the intense search for
sustainable and eco-friendly energy sources. Lignocellulosic materials
are the most abundant renewable organic resources (— 200 billion tons
annually) on earth and are readily avai for ion to bi ]
(Chandel and Singh, 2011). C4 grasses including Penniserum sinese, a
hybrid of Pennisetum purpureum and Pennisetum americanum, are pro-
mising feedstocks for renewable biofuel production. P. sinese like other
lluk has li to biofuel production including
the high degree of polymerization and complex lignocellulose structure
as established in previous studies (Lu et al., 2014). Furthermore, the
bioprocessing of grasses to biofuels is hampered by availability due to
short harvest time and the poor storability of the green crops since they
require large capacity presses or bioreactors for immediate processing
(Schmidt et al., 1997).

The advances in biofuel production have outlined the importance of
substrate pretreatment and preservation. According to Herrmann et al.
(2011) ensiling is an efficient way that curbs the limitation of supply
since feedstocks can be preserved l"or extended periods of time and
provides the medium for p ial pretr P. sinese |

lignoc

difficulty to ensiling due to its low water soluble carbohydrate (WSC)
and high lignocellulosic contents. Various chemicals, fibrolytic en-
zymes, and inoculants have been used to improve silage fermentation
by enhancing structural carbohydrate degradation and release of the
fermentable substrate for microbial fermentation. The application of
cellulolytic microorganisms as silage additives could be feasible due to
the economic and environmental benefits when placed alongside other
additives. Exogenous fibrolytic enzymes are often added to lig-
nocellulosic materials before ensiling, however contradiction and in-
consistencies have been shown in different studies, relating to their
effects on fermentation constituent especially dry matter (DM), neutral
detergent fiber (NDF) disappearance and degradation of organic matter
(Mandebvu et al., 1999; Colombatto et al,, 2004; Khota et al., 2016).
These inconsistencies were due to various factors such as enzyme types,
concentrations and activity, application methods and the targeted
substrates, which limited its widespread application in silages. Nolan
et al. (2018) demonstrated that fibrolytic enzymes performances im-
pacted on fibers and methane yields differently depending on grass
species and stage at harvest. Thus no single enzyme is consistently su-
perior. Fungi have been primarily used commercially for cellulase
production based on their ability to secrete cellulase in substrate

di Among the cellulolytic fungi, Trichod, reesei has gained
attention based on its capacity to produce cellulolytic enzymes

* Corresponding author at: Institute of Ensiling and Processing of Grass, Callege of Prataculture Science, Nanjing Agricultural University, Nanjing 210095, China.

E-mail address: shaotaalai@ 163.com (T. Shaa).
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+ AMF only promated N and P uptake of
plant shoats.

« Biachar facilitated N, P, K and Ca con-
tents of plants grown in Cd-
contaminated soils.

« Biochar was mare effective at increasing
plant nutrient uptake.

« Both AMF and biochar could decrease
plant Cd concentration.
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AMF

Biochar

The synergistic effects of arbuscular mycarrhizal fungi (AMF) inoculation and biochar application on plant
growth and heavy metal uptake remain unclear. A pot experiment was carried out to investigate the influence
of AMF inaculation, biochar and cadmium (Cd) addition on the growth, nutrient and cadmium uptake of
Medicago sativa, as well as soil biological and chemical characteristics. In comparison to the non-Cd pallution
treatment, Cd addition significantly decreased mycorrhizal colonization, biomass, and N, P, Ca and Mg contents
of shoats and roats in the absence of biachar. Biochar amendment did not increase mycorrhizal colonization at
either Cd levels. Regardless of the biochar amendment, AMF inoculation significantly promoted contents of N
and P in plant shoots grown in the Cd-contaminated soils. Nevertheless, in the presence of Cd pollution, biochar
dramatically elevated the biomass and N, P, K and Ca contents of plant tissues in both AMF inoculation treat-
ments. Biochar addition significantly reduced soil DTPA-extracted Cd. The treatments with AMF inoculation
and biachar amendment showed the lowest shoat Cd concentrations and contents, highest plant tissue N and
P contents in the Cd addition group. These results suggested that combined use of AMF inoculatian and biochar
amendment had significant synergistic effects nat only an nutrient uptake but also on the reduction in cadmium
uptake of alfalfa grown in Cd-polluted sail.

© 2018 Elsevier BV. All rights reserved.
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1. Introduction

Cadmium (Cd) is a common heavy metal contaminant in agricultural
ecosystems due to industrial practices, overuse of fertilizer, irrigation by
wastewater, and improper disposal of waste (Yi et al,, 2011).Cdis a
toxic metal for both plant and human health, and a low level of Cd



Environmental and Experimental Botany 142 (2017) 15-23

Contents lists available at ScienceDirect

Environmental and Experimental Botany

journal hamepage: www.elsevier.com/locate/envexpbot

ELSEVIER

Original article
Drought inhibition of tillering in Festuca arundinacea associated with axillary
bud development and strigolactone signaling
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ARTICLE INFO ABSTRACT

Keywards: Drought stress inhibits tiller formation and growth, but the underlying mechanism is not well understood. Tiller
Tall fescue development and Iatera] branch growth in monecot and dicot species respectively involve two stages: axillary
Axillary bud bud initi and h. The ebjective of this study was to investigate whether drought-in-
B pctivity hibition of tiller growth Js mainly due to the suppression of axillary bud initiation or subsequent outgrowth in
::ngmy perennial grass species and to de whether drought-inhibi of tiller develop and growth in grass
Drought stress species are associated with strigolactone (SL) acn:umulal.ian and signaling. Seedlings with one fully-expanded

Leaf without axillary buds and those with three-fully expanded leaves and two axillary buds were grown in 20%
hylene glycal (PEG) sclution to induce drought siress. Plant height, number of leaves, axillary buds, tillers
and length of axillary buds were monitored during 21 d of stress. Both axillary bud initiation and outgrowth
were inhibited by drought stress, with outgrowth being maore sensitive to drought stress. gRT-PCR analysis
showed that expression level of genes involved in axillary bud activity was down-regulated at 14 d of drought
stress while genes invalved in axillary bud dormancy was up-regulated. Strigolactone (SL) content was elevated
under dmu,ghl stress in crowns. gRT-PCR analysis showed that expression level of genes invalved in SL bie-
i and signali duction were up-regulated during drought stress. Axillary bud outgrowth was
sensitive 1o drought stress and could be associated with SL signaling, contributing to drought-inhibition of til-
lering in perennial grass species.

1. Introduction

Tillering is a critical trait controlling plant density for mono-
cotyledonous grass species, which affects plant establishment and re-
cuperative ability from stress damage, and it is a determinant factor for
the perenniality for perennial grass species (Busso et al., 1989; Busso
and Richards, 1995]. Tillers in grass species arise from nodes of non-
elongated internodes (named crown) at the base of the parent shoot.
Tiller development in monocot species and lateral branch growth in
dicot species involve two stages: axillary bud initiation and subsequent
outgrowth (Li et al., 2003; Tantikanjana et al., 2001). Axillary bud
formation is largely genetically controlled (Kebrom et al., 2013), but
«can be affected by environmental factors (Kebrom et al., 2013; Rameau
et al., 2015). Tiller development is very sensitive to water stress which
can inhibit tiller bud number and outgrowth (Busso et al., 1989).
However, whether drought-inhibition of tiller growth is due to the
suppression of axillary bud initiation or outgrowth or both develop-
mental processes in perennial grass species are not well documented,

- Eolmxpnnd.mg

and the underlying mechanisms are also poorly understood.

Several transcription factors are found to play roles in regulating
axillary meristem initiation, which is pivotal for axillary bud formation.
Mutations in LATERAL SUPPRESSOR (LAS) or its ortholog in rice
(Oryza sativa) and tomato (Lycopersicon esculentum), which belong to
GRAS family (named after GIBBERELLIC ACID INSENSITIVE (GAI),
REPRESSOR OF GA1 (RGA), and SCARECROW (SCR)), result in defects
in axillary meristem initiation (Schumacher et al., 1999; Greb et al.,
2003; Li et al., 2003). MYB-like transcription factors REGULATOR OF
AXILLARY MERISTEMS 1 (RAX1), RAX2 and RAX3 function re-
dundantly to positionally specify a stem cell niche for axillary meristem
formation in Arabi is (Ar ] and in tomato (Schmitz
et al., 2002; Keller et al., 2006a; Miller et al,, 2006). Recent research
shows that EXCESSIVE BRANCHES] (EXBI) in Arabidopsis, encoding a
member of WRKY protein, controls axillary meristem initiation by po-
sitively regulating the transcription of RAX1, RAX2, and RAX3 (Guo
et al., 2015). In addition, several genes regulating bud activation and
bud dormancy related to cell division have been identified (Gonzalez-

E-mail addresses: zhmngllll"fJU 1@163.com (L. Zhuang), 201 5220003@njan edwen (J. Wang), huang@aesop.rutgers edu (B. Huang).
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Metabolic Pathways Involved in
Carbon Dioxide Enhanced Heat
Tolerance in Bermudagrass
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Global climate changes involve elevated temperature and CO; concentration, impaosing
significant impact on plant growth of various plant species. Elevated temperature
exacerbates heat damages, but elevated CO; has positive effects on promoting plant
growth and heat tolerance. The objective of this study was to identify metabolic
pathways affected by elevated COz conferring the improvement of heat tolerance in
a C4 perennial grass species, bermudagrass (Cynodon dactylon Pers.). Plants were

OPEN ACCESS  planted under either ambient COz concentration (400 pmol-mol=") or elevated CO2

Edited by: concentration (800 pwmol-mol~") and subjected to ambient temperature (30/25°C,

Luis A, J. Mue day/night] or heat stress (45/40°C, day/night). Elevated CO3z concentration suppressed

Abeqystayth Unersity. heat-induced damages and improved heat tolerance in bermudagrass. The enhanced

Uniect Kingctom heat tolerance under elevated COs was atiributed to some important metabolic

anmc:z: pathways during which proteins and metabolites were up-regulated, including light

University of Pisa, raly  reaction (ATP synthase subunit and photosystem | reaction center subunit) and carbon

Mansas State ""tuiedm;; fixation [(glyceraldehyde-3-phosphate dehydrogenase, GAPDH), fructose-bisphosphate

. donce: aldolase, phosphoglycerate kinase, sedoheptulose-1,7-bisphosphatase and sugars)

Zniminvang  Of photosynthesis, glycolysis (GAPDH, glucose, fructose, and galactose) and TCA

rayzm@naueducn  cycle (pyruvic acid, malic acid and malate dehydrogenase) of respiration, amino acid

m”gﬁmTﬁx metabolism (aspartic acid, methionine, threanine, isoleucine, lysine, valine, alanine, and

+Thase authors have contribuled iscleucine) as well as the GABA shunt (GABA, glutamic acid, alanine, proline and 5-

squally 1o this work oxoprolineg). The up-regulation of those metabolic processes by elevated COs; could at

Spaciaity section: least partially contribute to the improvement of heat tolerance in perennial grass species.
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Global climate changes involve elevated temperature and CO; concentration, imposing significant
impact on plant growth (Kirkham, 2011). During this century, global temperatures are predicted
to rise by 2-5°C; atmospheric CO; concentration has increased by 100 pmol mol™! since the
beginning of the industrialized era and the concentration is predicted to continue rising at a rate
of approximately 2 pumol mol! per year (Intergovernmental Panel on Climate Change [IPCC],
2007). Previous research has shown that elevated CO; promotes plant growth under optimal
growing temperatures in various plant species (Hamerlynck et al., 2000; Prasad et al,, 2002; Qaderi
et al,, 2006). Recent research also found that elevated CO; has pasitive effects on promoting heat
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1 | INTRODUCTION

Abstract

Stress priming by exposing plants to a mild or moderate drought could enhance plant
tolerance to subsequent heat stress. Lipids play vital roles in stress adaptation, but
how lipidomic profiles change, affecting the cross-stress tolerance, is largely
unknown. The objectives of this study were to perform lipidomics, to analyse the
content, composition, and saturation levels of lipids in leaves of tall fescue (Festuca
arundinacea) following drought priming and subsequent heat stress, and to identify
major lipids and molecular species associated with priming-enhanced heat tolerance.
Plants were initially exposed to drought for 8 days by withholding irrigation and sub-
sequently subjected to 25 days of heat stress (38/33°C day/night) in growth cham-
bers. Drought-primed plants maintained significantly higher leaf relative water
content, chlorophyll content, photochemical efficiency, and lower electrolyte leakage
than nonprimed plants under heat stress. Drought priming enhanced the accumula-
tion of phospholipids and glycolipids involved in membrane stabilization and
stress signalling (phosphatidic acid, phosphatidylcholine, phosphatidylinositol,
phosphatidylglycerol, and digalactosyl diacylglycerol] during subsequent exposure
to heat stress. The reprogramming of lipid metabolism for membrane stabilization
and signalling in response to drought priming and subsequent exposure to heat
stress could contribute to drought priming-enhanced heat tolerance in cool-season

grass species.

KEYWORDS

drought priming, glycolipids, heat tolerance, |ipidomics, phospholipids, tall fescue (Festuca

arundinacea)

growth and productivity, particularly in areas with prolonged periods
of high temperatures (Bita & Gerats, 2013; Varshney, Bansal,

High temperature is a major abiotic stress limiting the growth and pro-
ductivity of temperate plant species, especially during summer months
(Missaoui, Malinowski, Pinchak, & Kigel, 2017; Mittler, Finka, &
Goloubinoff, 2012). The frequency and severity of heat stress are
likely to increase due to global warming, as the global mean air tem-
perature is predicted to increase by 1.4-3.1°C by the end of the
21st century (IPCC, 2013; Long & Ort, 2010). Approaches to improv-
ing heat tolerance of plants are critically important to maintain plant

Aggarwal, Datta, & Craufurd, 2011). Stress priming by exposure of
plants to mild drought stress or water deficit has been reported to
be a viable method for improving heat tolerance in various plant spe-
cies (Ashoub, Baeumlisberger, Neupaert|, Karas, & Briiggemann, 2015;
Bruce, Matthes, Napier, & Pickett, 2007; Wang et al.. 2014). Drought
priming-enhanced heat tolerance has been associated with osmaotic
adjustment and development of deep roots (Jiang & Huang, 2001)

and is also related to the induction of stress-responsive proteins and

Flant Cel Environ. 2019:42:947-958.

wileyanlinelibrary.com/journal fpce
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