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Summary
HUB1, also known as Ubl5, is a member of the subfamily of ubiquitin-like post-translational

modifiers. HUB1 exerts its role by conjugating with protein targets. The function of this protein

has not been studied in plants. A HUB1 gene, LpHUB1, was identified from serial analysis of gene

expression data and cloned from perennial ryegrass. The expression of this gene was reported

previously to be elevated in pastures during the summer and by drought stress in climate-

controlled growth chambers. Here, pasture-type and turf-type transgenic perennial ryegrass

plants overexpressing LpHUB1 showed improved drought tolerance, as evidenced by improved

turf quality, maintenance of turgor and increased growth. Additional analyses revealed that the

transgenic plants generally displayed higher relative water content, leaf water potential, and

chlorophyll content and increased photosynthetic rate when subjected to drought stress. These

results suggest HUB1 may play an important role in the tolerance of perennial ryegrass to abiotic

stresses.

Introduction

Plants often encounter unfavourable environmental conditions

that affect their normal growth and consequently their produc-

tivity. An improvement in characteristics such as plant growth and

productivity under drought stress is a major challenge for plant

breeders. Conventional breeding strategies have attempted to

introduce drought-stress tolerance in plants through the use of

genetic variability available in diverse germplasm, interspecific or

intergeneric hybrids, induced mutations and somaclonal variation

(Ashraf, 2010; Badu-Apraku and Yallou, 2009; Kindiger et al.,

2006). However, these approaches have met with limited success

due to the complex cellular processes and multiple mechanisms of

cellular adaptation which lead to abiotic stress tolerance involving

numerous metabolic pathways (Shinozaki et al., 2003; Yamagu-

chi-Shinozaki and Shinozaki, 2006).

Genetic engineering is considered an alternative for enhancing

plant tolerance to abiotic stresses including drought, and many

engineered plants have manifested improved drought stress

resistance phenotypes. Several genes have been shown to be

associated with drought/environmental-stress tolerance in differ-

ent plant species. Successful attempts have been made to

engineer drought tolerant plants by heterologous expression of

genes, which encode enzymes associated with the synthesis of

osmotically active compounds, transporters, chaperones or reac-

tive oxygen species scavengers (Chaves and Oliveira, 2004;

Valliyodan and Nguyen 2006; Vinocur and Altman, 2005).

Improved plant performance under severe water stress in

growth-chamber/greenhouse conditions has been achieved

through various transgenic approaches, including increased

production of osmotic protectants such as the sugar alcohols,

trehalose (Cortina and Culianez-Macia, 2005; Jang et al., 2003;

Pilon-Smits et al., 1998), mannitol (Tarczynski et al., 1993) and

galactinol (Taji et al., 2002), of the organic compound proline

(Yamada et al., 2005), of quaternary and other amines such as

glycine-betaine (Waditee et al., 2005) and polyamines (Capell

et al., 2004; Kasukabe et al., 2004) or of protein protectants

such as HVA1 (Babu et al., 2004).

Despite the observation of promising results in a greenhouse/

growth-chamber environment, the expression of an individual

functional protein has not always been successful in conferring

stress tolerance in field conditions. This is likely due to the

complexity of the multiple pathways involved in controlling plant

abiotic stress responses (Agarwal et al., 2013; Reguera et al.,

2012). Modification in the expression of regulatory genes, which

consist of transcription factors, protein kinases and phosphatases,

and proteinases has been more efficacious and holds promise to

be used widely in the next generation of genetically modified

stress-resistant crops (Agarwal et al., 2013; Reguera et al., 2012;

Shinozaki and Yamaguchi-Shinozaki, 2007). Among the tran-

scription factors, members of the APETELA2 (AP2) (Ito et al.,

1983; Kasuga et al., 2004; Morran et al., 2011), bZIP (Abdeen

et al., 2010; Oh et al. 2005; Zhang et al., 2008), zinc-finger (Kim

et al., 2004; Sakamoto et al., 2004; Sugano et al., 2003), MYB
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(Cominelli et al., 2005; Dai et al., 2007) and NAC (Tran et al.,

2004) transcription factor families have been well characterized

with regard to their roles in regulation of stress responses

(Shinozaki and Yamaguchi-Shinozaki, 2007) and it has been

demonstrated that the overexpression or down-regulation of a

single transcription factor can improve abiotic stress tolerance

(Chen et al., 2012; Lata and Prasad, 2011; Mizoi et al., 2012;

Nakashima et al., 2012).

Ubiquitin (Ub) and ubiquitin-like (Ubl) proteins, collectively

called SUMOs, are small protein modifiers that play diverse and

crucial roles in various cellular and developmental processes in

plants, yeast and metazoans (Miura and Hasegawa, 2010). These

modifiers conjugate with their target protein substrates and

degrade them via the ubiquitin–proteasome pathway. Ectopic

expression of SUMOs or their corresponding E3 ligase genes have

been shown to confer abiotic stress tolerance in plants (Catala

et al., 2007; Conti et al., 2014; Li et al., 2013). The Ubl family of

proteins includes a subfamily designated ‘Homology to Ub1’

(HUB1). In certain literature, the HUB1 subfamily is given the

alternative designation Ubl5. Although HUB1 proteins are struc-

turally similar to ubiquitins, they share only approximately 35%

amino acid similarity to ubiquitins (Downes and Vierstra, 2005).

HUB1 proteins themselves are highly conserved at the amino acid

level in all living organisms and have been linked to various

physiological functions in eukaryotes (Benedetti et al., 2006;

Dittmar et al., 2002; Mishra et al., 2011; Wilkinson et al., 2004;

Yashiroda and Tanaka, 2004). Although they have been identified

in plant genomes, their physiological roles in plants are unknown

(Downes and Vierstra, 2005).

Perennial ryegrass (Lolium perenne L.) is not only one of the

important cool-season grasses grown as turf throughout USA,

Europe and other parts of the world (Watschke and Schmidt,

1992), but is also an important pasture forage (Jauhar, 1993).

Drought is a major constraint to growth in perennial ryegrass

(McCarty, 2000) with typical drought-stress symptoms including

leaf senescence, slow shoot and root growth and leaf desiccation

(Fry and Huang, 2004). In this report, previously described

GeneThresher� technology (GT) and serial analysis gene expres-

sion (SAGE) genomics resources that were developed for peren-

nial ryegrass (Bajaj et al., 2010; Sathish et al., 2007) were used to

identify and clone a drought-stress-associated gene, designated

LpHUB1, which belongs to the HUB1 subfamily of Ubl genes.

Overexpression of LpHUB1 in both pasture- and turf-type

perennial ryegrasses greatly enhanced the tolerance of these

plants to drought stresses.

Results

Identification and isolation of LpHUB1 gene

Using a previously described ryegrass GT database (Bajaj et al.,

2010), we identified and cloned a small open reading frame

(Figure S1) whose predicted protein product displayed high

homology to the family of ubiquitin-like proteins referred to as

HUB1. An alignment of the perennial ryegrass gene product,

designated LpHUB1, with HUB1 proteins from a diverse group of

eukaryotic species is shown in Figure S2. The expression profile of

LpHUB1 was determined using a SAGE database, which was

created from active paddock-derived samples collected over

different seasons (Sathish et al., 2007). The expression of the

LpHUB1 gene was elevated about threefold under water stress

(361 tag counts per million tags) compared to that observed prior

to the stress and after rehydration (approximately 115 tag counts

per million). A similar trend was also seen in paddock samples

taken during periods of summer heat. The observed expression

pattern of LpHUB1 in perennial ryegrass implied that it may play a

role in plant tolerance to drought stress.

Characterization of ‘pasture-type’ transgenic plants

Three independent, single copy transgenic events were generated

in a ‘pasture-type’ perennial ryegrass (cv. Impact; NZ Agriseeds,

Christchurch, New Zealand) with a LpHUB1 gene construct

(Figure S3). Stable integration of the transgene and single

transgene copy number determination was concluded using

Southern blot analysis (Figure 1a). The results from qRT-PCR

assays indicated that transcripts of both hptII and the cloned

HUB1 were absent in transgenic line LpHUB1-3 (Figure 1b)

despite the presence of the transgene as evidenced by Southern

analysis.

The transgenic and wild-type (WT) plants were subjected to

three rounds of drought stress as outlined in the scheme

presented in Figure S4. After each rewatering, the growth

recovery in the transgenic plants correlated with the expression

level of the HUB1 transcripts in LpHUB1-1 and -2. As a result, the

cumulative biomass recorded from LpHUB1-1 and LpHUB1-2

during the experimental period was 30%–50% higher than

biomass from the nontransgenic control or the nonexpressing

LpHUB1-3 event (Figure 1c,d).

Turf-type perennial ryegrass over-expressing LpHUB1
display drought tolerance

We generated 26 independent transgenic lines of ‘turf-type’

perennial ryegrass over-expressing the LpHUB1 gene (turf-type

transgenic lines were denoted as ‘D’). Transgenic lines were

confirmed by Southern blot (Figure 2a) analysis. RNA blot

(Figure 2b) and qRT-PCR analysis revealed variable expression

levels of LpHUB1 among the transgenic lines (Figure 2c). No

phenotypic differences were observed between transgenic and

WT perennial ryegrass lines when grown in a growth chamber or

greenhouse environment under well-watered conditions. Based

on their gene expression levels, representative transgenic lines

were selected and vegetatively propagated for further analysis.

An 8-week dry-down experiment was carried out in a

greenhouse environment with eight transgenic lines (D1, 6, 7,

8, 9, 11, 12, and 13), and the WT control plants. In this

experiment, three watering treatments were used: (i) 100%

water (plants were refilled with the amount of water lost each

day), (ii) 50% water (refilled with half of the water of the 100%

treatment), and (iii) 0% water (complete water withholding).

Plant growth (clipping dry weight) and turf visual quality were

recorded during the period of the experiment. Growth and turf

quality of the WT control was significantly better than all the

transgenic plants under 100% water treatment. Declines in plant

growth and turf quality over time were observed in both

transgenic and WT control plants subjected to the 0% and

50% water- stress treatments; however, collectively, the trans-

genic lines performed better under water stress. Although the WT

plants had a higher rate of growth and displayed better turf

quality at the initiation of the experiment, the transgenic group

caught up in terms of growth after 1 week and on turf quality

after two and half weeks, due to the rapid decline in growth and

turf quality of the WT control plants under the 0% and 50%

water treatments (Figure 3). In addition, after 2 weeks of 0% and

50% watering regimes, growth of the WT controls was signif-

icantly lower than that observed for the transgenic plants as a
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group (Figure 3a,b). Under 0% watering, WT plants stopped

growing after day 18, whereas growth was observed up to

25 days for the best-performing transgenic line D12 (Figure S5a).

The turf quality of D12 was significantly better than that of the

WT control even after 7 weeks of 0% and 50% water stress

treatment (Figure S5c,d). Under the 50% water stress condition,

both growth and turf quality for the WT control plants fell

sharply; in contrast, for the best transgenic line, D12, the decline
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Figure 1 Characterization of the pasture-type transgenic perennial ryegrass plants. (a) Southern analysis of the transgenic plants. An approximately

500 bp probe from the hptII coding sequence was used for the hybridization. (b) qRT-PCR analysis of LpHUB1 transgene transcripts in a nontransgenic

control and three independent transgenic lines. (c) Best-performing transgenic plant (LpHUB1-2) and nontransgenic control after three periods of simulated

drought-like conditions. (d) Drought tolerance determined by the cumulative clipping dry weights in three transgenic and a nontransgenic control line

during 98 days of the treatment, which involved three progressively increasing drought periods (shaded portion of the timeline).

(a)

(c)

(b)

Figure 2 Molecular analysis of turf-type transgenic perennial ryegrass. (a) Southern blot hybridization of transgenic perennial ryegrass using bar as a

hybridization probe. All the D lines are putative transgenic lines, wild-type (WT) is the nontransgenic negative control and vector DNA is also included.

(b) RNA blot hybridization of transgenic perennial ryegrass using LpHUB1 as a hybridization probe. (c) Quantitative RT-PCR was used to measure LpHUB1

transcript accumulation in selected transgenic lines, vector control (VC) and WT plants. The y axis shows the fold increase in LpHUB1 expression compared

to the WT control plants.
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was much more gradual (Figure S5b,d). Photographs of the WT

control and transgenic lines D11 and D12 after week 3 and week

8 of the treatment period are shown in Figure S6.

The second dry-down experiment was performed in a growth

chamber and confirmed the previous observation. The experi-

ment focused on four transgenic lines (D1, D8, D11 and D12) and

had two treatments (0% and 100% watering). As shown in

Figure 4, 25 days after water withholding, control plants along

with transgenic line D8 wilted, whereas transgenic lines D1, D11

and D12 remained turgid, healthy and green without obvious

damage. Similarly, the shoot biomass (clipping fresh weight) of

control plants and line D8 were significantly reduced compared to

the other three transgenic lines under water-stress conditions,

while no significant difference was observed when the plants

were well watered (Figure 4). It is notable, however, that

transgenic line D8, which had multiple transgene copies and

displayed the highest level of transcript accumulation (Figure 2a–
c), performed poorly in these tests.

Gene expression data were also collected for both the

endogenous and transgene-derived HUB1 genes under water

stress (Figure 5). In the vector control (VC) and all HUB1

overexpression lines, a twofold to threefold increase in endog-

enous LpHUB1 transcript accumulation was observed (Figure 5a).

This result is very consistent with the original observations based

on SAGE analysis. Significant increases in transgene-derived

LpHUB1 transcript were also observed (Figure 5b).

To gain more insight into plant responses to water stress, we

evaluated relative water content (RWC), leaf water potential,

chlorophyll content and photosynthesis rate for four of the

transgenic plants (D1, D11, D12 and D13). After 8 days of water

stress, transgenic lines D11 and D12 maintained higher RWC than

the controls at the 50% water treatment, and lines D12 and D13

displayed higher RWC under complete water deprivation (0%

water) (Figure 6a). Although not all transgenic lines showed an

increase in RWC relative to the controls, these results suggest that

over-expressing LpHUB1may lead to some enhancement in water

retention capacity. No significant differences in leaf RWC were

observed between transgenic and control plants under well-

watered conditions.

Unlike the equivocal results observed with the RWC analysis, all

four of the LpHUB1 overexpression lines showed lower reductions

in leaf water potential (MPa) compared to the WT and VC under

(a) (b)

(c) (d)

Figure 3 Plant growth and turf quality of wild-type (WT) and transgenic plants under drought stress. Transgenic and WT control plants were subjected

to water stress for 8 weeks by withholding water either entirely (0% water) or with limited supply (50% watering). Plants were trimmed to

approximately 50 mm height every 4 days initially and then once a week. All the clippings were collected, oven dried and weighed as an indicator of

plant growth. Turf quality was recorded by visual rating on a 1–9 scale. (a, b) Means of clipping dry weight of eight transgenic lines vs. WT over a

period of 25 days under 0% and 50% watering. (c, d) Means of turf quality of eight transgenic lines vs. WT over a period of 46 days under 0% or 50%

watering. Means marked by the same letter in each panel are not significantly different (P = 0.05).
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the two conditions of water stress. Well-watered plants (100%

water treatment) did not differ significantly among entries,

ranging between �0.71 and �1.2 MPa among all the lines tested

(Figure 6b). After complete and 50% water deprivation for

7 days, the MPa of all plants decreased. The MPa of the control

plants declined more sharply and was significantly lower than in

the four transgenic lines over-expressing LpHUB1, particularly

under conditions of total water deprivation.

The chlorophyll contents of transgenic lines D1, D11, D12 and

D13, along with the vector and WT controls plants after 8 days of

the water-stress treatment are shown in Figure 7a. The mean

chlorophyll (Chl) content under water stress was greater in the four

lines over-expressing LpHUB1 compared to the control lines

(Figure 7a). The differential between the controls and LpHUB1

transgenics was particularly dramatic when water was completely

withheld, as the Chl concentration in lines D1, D11, D12 and D13

was nearly double that observed in the vector and WT controls. In

contrast, minimal differences in Chl content were observed among

the lines tested under well-watered conditions. To determine

whether LpHUB1 over-expression affects the overall rate of

photosynthesis under conditions of water stress, transgenic lines

D1, D11 and D12, along with the vector and WT lines were grown

under partial water deprivation (the leaves from complete water

deprivation were too dry to measure). Eight days after growth at

50% water stress, transgenic lines D12 and D1 showed signifi-

cantly higher photosynthesis rates compared to the control lines

under ambient CO2 conditions (Figure 7b). The rate of photosyn-

thesis for transgenic line D11, however, was not different from the

controls. Taken together, these results suggest that increased total

Chl content and possibly enhanced photosynthetic rates in

transgenic lines over-expressing LpHUB1 may at least in part be

responsible for the improved shoot growth phenotype observed in

these lines under conditions of water stress.

Discussion

Plant responses to drought stress are of immense interest to plant

scientists and have been characterized using various approaches,
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Figure 4 Results of the second dry-down experiment. Plants were subjected to water withholding for 25 days. (a) Plants at the start of the water-stress

treatment. (b) Plants with regular watering for 25 days as a control treatment. (c) Plants 25 days after water withholding. (d) Shoot biomass (fresh weight)

from transgenic lines, wild-type (WT) control and vector only control (VC) plants after the control treatment. (e) Shoot biomass (fresh weight) from

transgenic lines, WT control and vector only control (VC) plants 25 days after water withholding. Means marked by the same letter in each panel are not

significantly different (P = 0.05).
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including molecular means (Hu and Xiong, 2013). Genes encod-

ing transcription factors, protein kinases, chaperones, metabolic

enzymes, late embryogenesis-abundant proteins and detoxifica-

tion enzymes, among others, have been shown to function in

protecting cells from drought stresses. In the present study, we

used a combination of comparative genomics and transcriptomics

to discover a novel Ubl gene, LpHUB1, that may play a role in

drought response in perennial ryegrass.

We found that accumulation of the perennial ryegrass HUB1

transcript increases when plants experienced water stress and

was repressed when water was restored. This indicated that

HUB1 may have a physiological role in plant drought responses.

Interestingly, further analysis indicated that mRNA levels of both

endogenous and transgene HUB1 were increased by two- to

threefold under water stress (Figure 5) even though the trans-

gene was driven by the CaMV 35S promoter whose expression is

not known to be drought inducible. A similar phenomenon has

been reported previously. When the SOS1 gene was overexpres-

sed under control of CaMV 35S promoter, the transgene mRNA

levels were much higher when plants were treated with salt (Shi

et al., 2003). One proposed explanation was that the turnover of

mRNAs related to stress resistance may be reduced when the

plants are under stress, leading to higher accumulation of these

mRNAs.

Overexpression of HUB1 in perennial ryegrass did not cause

any morphological changes under normal growing conditions.

However, under drought stress, transgenic plants exhibited

better growth and plant quality (Figures 1, 3, 4 and S6).

Measurement of RWC and water potential (Figure 6) also

showed enhancement in water retention in HUB1 transgenic

plants compared with WT control plants. Under 25-day drought

stress, transgenic plants were still healthy, turgid and green,

while WT plants exposed to the same stress lost their turgor.

HUB1 transgenic perennial ryegrass exhibited increased chloro-

phyll content and possibly an enhanced rate of photosynthesis

compared with the WT and VC plants (Figure 7). Retention of

chlorophyll in plants under stress has been found to be important

(a) (b)

Figure 5 Quantitative RT-PCR analysis of endogenous and transgene LpHUB1 transcript accumulation in select transgenic lines and vector control (VC)

plants before and after 8-day water-stress treatment. (a) The y axis shows the fold increase in endogenous LpHUB1 expression compared to VC plants

before and after water-stress treatment. (b) The y axis shows the fold increase in transgene LpHUB1 expression compared to the D1 transgenic line before

and after water-stress treatment. Five replicates were performed from each sample. Means marked by the same letter in each panel are not significantly

different (P = 0.05).

(a)

(b)

Figure 6 Response of transgenic and nontransgenic perennial ryegrass

lines to water stress. Transgenic and control plants were subjected to

water stress by withholding water either entirely (0% watering) or with

limited supply (50% watering). One set of plants was well watered (100%

watering). After 8 days of water-stress treatment, relative water content

(a) and water potential (b) were measured. Perennial ryegrass transgenic

lines showed significantly less water loss than the nontransgenic lines.
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for increased stress tolerance. This study suggested that the

improvement of water-stress tolerance mediated by expression of

LpHUB1 in perennial ryegrass may be partially attributable to

increased photosynthesis and chlorophyll content in these plants

under conditions of drought stresses. To our knowledge, the

HUB1 gene has not been studied in plants and this is the first

functional study of this gene to be reported in plants. Although

our results demonstrated that overexpressing HUB1 can enhance

the ability of perennial ryegrass to tolerate conditions of water

deficit, many questions remain with respect to the specific

molecular mechanisms involved. The HUB1 protein likely acts by

conjugating to other proteins, similar to ubiquitins or other small

ubiquitin-like proteins (SUMOs; Catala et al., 2007; Conti et al.,

2014; Karan and Subudhi, 2012; Kurepa et al., 2003; Li et al.,

2013; Lois et al., 2003; Miura et al., 2007, 2009; Murtas et al.,

2003; Yoo et al., 2006). If so, the nature of the specific target

proteins, as well as the effect of HUB1 conjugation on their

turnover, stability or ability to interact with other proteins will be

key to understanding HUB1 function in water-stress responses. In

addition, it will be of interest to elucidate why transgenic line D8

that was shown to display the highest level of transgene

expression did not confer any improved tolerance to drought

(Figure 4). One possibility could be that accumulation of HUB1

above a certain threshold may bind to, or via some other

mechanism quantitatively limit the availability of, a key compo-

nent of the drought-stress response.

Although the targets of plant HUB1 proteins are not known,

studies on HUB1/Ubl5 in other systems may provide some

guidance on the potential function of these proteins in plants.

The amino acid sequences of HUB1 proteins are highly conserved

among diverse eukaryotic organisms, including yeast, plants and

mammals (Figure S2). The 3D structure of HUB1 protein is very

similar to ubiquitin structure although they share only 21% amino

acid identity (Downes and Vierstra, 2005). HUB1 proteins have a

characteristic YYN tripeptide at their C-termini, which may be

related to their specific cellular functions. Unlike the ubiquitins

that have been demonstrated to degrade proteins, Ubl proteins

have been implicated in the reversible modulation of protein

function by forming an isopeptide bond with their target proteins

(Kantham et al., 2003). In Caenorhabditis elegans, Ubl5 was

reported to be involved in mitochondria-mediated cell adaption

to abiotic stresses. After stress-induced proteotoxic perturbations,

mitochondrial protein homoeostasis is brought about by the

unfolded protein response (UPRmt) mechanism. Genome-wide

RNA interference (RNAi) screens have been used to detect several

regulators of UPRmt, such as ubl5, dve-1 (a homeobox containing

transcription factor), and a few others (Haynes et al., 2007,

2010). The consequences of a stress-induced proteotoxic state

are that proteins are degraded due to perturbations of the

mitochondrial-folding environment, and the resulting peptides

then diffuse to the cytosol where they are thought to trigger the

formation of a complex between Ubl5 and Dve-1 (Kirstein-Miles

and Morimoto, 2010). The transcription factor complex Ubl5/Dve-

1 and bZIP subsequently relocalize to the nucleus, where Ubl5/

Dve-1 activates the expression of the chaperones hsp-6 (mt

Hsp70) and hsp-60 (mt chaperonin), and the expression of ubl5

itself, with the latter probably enhancing the signal in a feed-

forward fashion. Moreover, once in the nucleus Ubl5 can also

affect the spliceosome complex and result in alternative splicing,

possibly mediated by Snu66 in yeast and mammalian cells (Mishra

et al., 2011), contributing to the enhancement of the repertoire

of proteins in the cell. Recently, plant mitochondria were also

reported to be involved in some metabolic processes implicated in

cell adaptation to abiotic stresses (Pastore et al., 2007). Thus,

HUB1 could play a role in mitochondria to help cells adapt to

abiotic stresses. In another report in yeast, two proteins, Sph1 and

Hbt1, were identified to be conjugated with HUB1. The cellular

localization of these two proteins was impaired when HUB1 was

mutated, and the cell polarity and mating were affected (Dittmar

et al., 2002).

In summary, this study demonstrated for the first time that

through a transgenic approach, manipulation of the LpHUB1

gene, a member of the ‘Homology to Ub-1’ (HUB1) family, could

lead to improved drought tolerance in perennial ryegrass plants.

Ubiquitin-like modifiers including HUB1 allow transient and/or

rapid changes to existing proteins, which can lead to alterations

of biochemical properties such as protein interactions, activities

and cellular location. Thus, we hypothesize that overexpression of

HUB1 may have improved drought tolerance in perennial ryegrass

transgenic lines by regulating signalling and biochemical path-

ways in response to the stress conditions.

(a)

(b)

Figure 7 Chlorophyll content and photosynthesis rate in perennial

ryegrass transgenic lines. (a) Total chlorophyll was measured after

transgenic and control plants were subjected to water stress by

withholding water either entirely (0% watering) or by limited supply (50%

watering) for 8 days. One set of plants was well watered (100%

watering). (b) Photosynthesis measured under ambient CO2 conditions of

transgenic and wild-type (WT) control plants after the plants were

subjected to 50% watering for 8 days. Means marked by the same letter

in each panel are not significantly different (P = 0.05).
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Experimental procedures

Isolation of gene and cloning of plant expression vector

The ryegrass GT sequence database was interrogated for possible

small coding sORFs. Novel sORFs from Arabidopsis thaliana

(Hanada et al., 2007) and from Saccharomyces cerevisiae (Kas-

tenmayer et al., 2006) were used as probes. By comparing the

translated sORFs from both Arabidopsis and yeast to ryegrass, we

found that the translated ryegrass sequences shared significant

similarity with 24 translated sORFs from Arabidopsis and 55 from

yeast (data not shown). The perennial ryegrass SAGE analysis data

(Sathish et al., 2007) were then mapped on to the 79 identified

ryegrass sequences to identify gene candidates which might

confer advantages during drought-induced plant stress. Out of

these potential candidate genes, we selected to work on a gene

encoding an HUB1 because it has been implicated in counteract-

ing physiological levels of mitochondrial stress in C. elegans

(Benedetti et al., 2006). Moreover, the gene expression is

elevated when the grass is under water stress and under summer

heat.

The binary vectors, pLpHUB1 and pTTS44 (Figure S3), were

created to transform the ‘pasture-type’ and ‘turf-type’ perennial

ryegrasses, respectively. The pLpHUB1 vector was created by

placing LpHUB1 under the control of an enhanced CaMV35S

promoter (D35S P) and terminated by the CaMV35S terminator.

A bacterium-derived marker gene, hptII, was driven by another

enhanced CaMV35S promoter (D35S P). Vector pTTS44 was

received from Bayer CropScience (Ghent, Belgium). The binary

vector contains the CaMV35S promoter driving the LpHUB1 gene

and a CaMV35S promoter driving the bar gene for bialaphos

resistance as a selectable marker. Each vector was transformed

individually into electrocompetent Agrobacterium tumefaciens

strain EHA101 or EHA105 cells for use in plant transformation

experiments.

Plant material and transformation

Perennial ryegrass (L. perenne L.) ‘turf-type’ cultivar ‘Monterey II’

(MT) (Samudio and Brede, 2004) and ‘pasture-type’ cultivar

‘Impact’ were used for transformation. Transgenic plants overex-

pressing the LpHUB1 gene were produced in these cultivars and

maintained as described previously by Patel et al. (2013) and Bajaj

et al. (2006).

Molecular analysis of transgenic lines

Genomic DNA was isolated and used for Southern blot hybrid-

ization. Turf-type transgenic plants were characterized using an

[a-32P]-dCTP-labelled bar gene probe and Hybond-N+ nylon

membrane following the protocol of the manufacturer (GE

Healthcare Life Sciences, Buckinghamshire, UK) as described by

Patel et al. (2013). The pasture-type transgenic plant DNA was

hybridized with a nonradioactive DIG-labelled probe of the hphII

coding sequence (approximately 500 bp) using DIG Easy Hyb Kit

(Roche Diagnostics, Basel, Switzerland) and detected with CDP-

Star as the chemiluminescent substrate from the same manufac-

turer. Radioactive or light signals were detected on X-ray film

(Kodak BioMax MS, Rochester, NY).

Total RNA was isolated from transgenic and nontransgenic

plant leaves using an RNeasy� maxi kit (Qiagen Inc., Valencia,

CA). For RNA blot hybridization, 15 lg of total RNA from each

putative transgenic line was separated by electrophoresis in a

1.0% MOPS gel and then transferred to Hybond-N nylon

membranes (GE Healthcare Life Sciences). Blots were hybridized

with [a-32P]-dCTP-labelled LpHUB1 gene probe. Hybridizations

were conducted as described by Sambrook et al. (1989).

First-strand cDNA synthesis in qRT-PCR used an iScriptTM

cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA) or

SuperscriptTM III reverse transcriptase (Life Technologies,

Carlsbad, CA). qRT-PCR was performed with SYBR� Green

PCR Master Mix (Life Technologies) or iTaqTM Universal SYBR�

Green Supermix (Bio-Rad), including transgenes and reference

genes [chlorophyll a, b binding protein (cab) or actin].

Comparative quantification of transcripts was performed using

the DDCt method. The primers used for the qRT-PCR analysis

are listed in Table S1.

Evaluation of ‘pasture-type’ transgenic perennial
ryegrass lines for drought tolerance

Clonally replicated transgenic and nontransgenic control plants

were used for drought response experiments. The parental

genotype was used as a control and, as such, all plants contained

a common genetic background. Plants were grown in 1 m long,

90-mm-diameter PVC pipes packed with washed sand and

plugged at the bottom with rockwool. Approximately 25 tillers

were planted at the centre of the open end of each pipe.

Experiments comprised three independent transgenic events with

each event replicated in six tubes. The plants were arranged at

random, one in each of the six replicates, and grown at 70%

relative humidity, and in a 16-h photoperiod with 650 lmol/m2/s

light intensity. The plants were irrigated daily once with 50 mL

Hoagland’s solution (Hoagland and Arnon, 1938) and once with

50 mL water.

Each set of plants was split into two groups. Half were used

for drought treatment and the other half retained as an

irrigated treatment. The plants were acclimated to the growth

conditions for 7 days and were trimmed back to 150 mm

height above the soil surface to mimic grazing. After 7 days of

regrowth, plants were subjected to three rounds of drought

stress. During the drought treatment, Hogland’s solution and

water were withheld and the relative humidity was reduced to

50%. The scheme used for testing drought tolerance in the

climate chamber is presented in Figure S4. The first round of

drought stress was carried out for 8 days and stopped when the

volumetric water content (VWC) in the sandy soil was <1% at

12 cm depth as measured by a Field ScoutTM Time Domain

Reflectometry (TDR) 100 Soil Moisture Meter (Spectrum Tech-

nologies, Inc., Plainfield, IL). In comparison, the VWC in the

control treatment, that is hydrated plants, was >10% at

120 mm depth. Irrigation was then resumed, and 4 days later,

plant height was measured and again trimmed down to

150 mm height. The fresh weight and dry weight (dried at

80 °C for 48 h) of the trimmed samples were recorded. After

15 days, the plants were trimmed back to 150 mm height and

the trimmed samples measured. Immediately after the trimming,

a second round of drought stress was started and lasted for

15 days. The plants were then allowed to grow under irrigated

conditions for 14 days, followed by trimming back to 150 mm

height and collection of the fresh and dry weights of the

clippings. The plants were then subjected to a third round

drought stress for 21 days. Fresh and dry weight data were

collected again on the 10th day after cessation of the third

drought. The experiment ceased after plants were allowed to

grow for another 15 days under irrigated conditions and the

clippings collected.
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‘Turf-type’ perennial ryegrass plant maintenance and
water-stress treatment

Transgenic plants over-expressing LpHUB1 (lines denoted with D)

and control plants (wild type, WT, and empty vector control, VC)

were maintained in the Southeastern Environment Laboratory,

NCSU. All transgenic plants (D and VC) were clonally propagated

with similarly-sized four tillers while WT were planted from seeds

at the industry recommended seeding rates (6 lb/1000 sq ft).

Plants were grown in either small pots (11 9 9.5 cm) or cone

tainers (6.5 9 26 cm; Castle International Resources, Sedona,

AZ) using Fafard 2 mixTM (Conrad Fafard Inc., Agawam, MA)

potting mix. To achieve uniform plant growth, plants were

trimmed every 7 days and watered every day with a nutrition

solution (for ingredients, see http://www.ncsu.edu/phytotron/

manual.pdf).

Unless specified, the experimental plants were maintained in

growth chambers at 25 °C with a 14-h photoperiod (light

intensity 550 lmol/m2/s) for 10–12 weeks until they acquired

optimum growth. Transgenic lines and control plants were

subjected to water stress by withholding water either entirely

(0% water) or with limited supply (50% water). One set of plants

was well watered (100% water) as a treatment control. An

ETgage (Model A; Spectrum Technologies, Inc.) was used to

measure water loss and to determine the amount of water to be

refilled for the 100% and 50% water treatments. Each treatment

was replicated three times with three pots per line for a replicate.

Evaluation of ‘turf-type’ transgenic lines for drought
tolerance

The first dry-down experiment was carried out in a greenhouse

(24 °C, natural light). All the plants were trimmed to 50 mm in

height before the treatments and then trimmed regularly every

4 days initially and then once a week. Each time, all the clippings

were collected, oven dried (65 °C, 96 h) and weighed. Turf

quality was rated visually on a 1–9 scale every 4 days. The second

dry-down experiment was carried out in a growth chamber with

plants of similar size. The plants were trimmed to 50 mm in

height before the treatments and the clippings were collected

and the fresh weight measured 25 days after the treatments.

Measurement of endogenous LpHUB1 and transgene
LpHUB1 gene expression following drought treatment

To measure the changes in endogenous and transgene LpHUB1

gene expression, control and transgenic plants were grown in

growth chambers as described and subjected to water stress for

8 days. RNA was isolated from leaf samples collected before and

after the drought-stress treatment. qRT-PCR was performed with

iTaqTM Universal SYBR� Green Supermix (Bio-Rad) for endoge-

neous HUB1 and transgene HUB1. The primers used for endog-

enous HUB1 amplification (ORF8 forward, EndoORF reverse) were

designed from the HUB1 coding and 30 UTR sequences, respec-

tively, while the same coding sequence primer (ORF8 forward)

was paired with a primer corresponding to a sequence within the

CaMV 35S terminator region (pTTS44 reverse) for amplification of

transgenic HUB1 (Table S1).

Measurement of leaf water potential and RWC

Leaf water potential was measured using a ‘Model 1000 Pressure

Chamber Instrument’ (PMS Instrument Co., Albany, OR) follow-

ing manufacturer’s instruction. Briefly, a mature leaf was

sampled, and the leaf was quickly placed in the chamber with

the cut end protruding through a rubber stopper sealing the

chamber. The atmospheric pressure in the chamber was recorded

when the pressure of the compressed air reached a point that sap

just appeared at the cut ends of leaf tissue.

For RWC measurement, three or four leaves (approximately

30 mm in length) were collected at the end of the water-stress

treatment (8 days) and RWC was measured as described by

Gonz�alez and Gonz�alez-Vilar (2001).

Measurement of chlorophyll and photosynthesis

Leaves of comparable physiological age were collected from each

line after water stress and placed immediately in liquid nitrogen.

The leaves were then subjected to freeze-dry for 24 h. Chloro-

phyll was extracted from a 100 mg freeze-dried samples using

80% acetone in the dark. Absorbance was measured at 646, 663

and 710 nm, and the total chlorophyll concentration (lg/mL) of

the samples was determined according to Lichtenthaler and

Wellburn (1983).

For photosynthesis rate measurement, transgenic and control

lines were subjected to water stress by limited water supply (50%

water) for 8 days. Three plants from each line were used for each

treatment. After water stress, the photosynthesis rate was

measured by placing five leaves from each plant side by side (to

fill the chamber) in a Licor-6400XT leaf chamber (Li-Cor

Biosciences, Lincoln, NE). Leaf chamber CO2 concentration was

maintained constantly at 400 lmol/s. Light intensity was con-

trolled at 1000 lmol/m2/s with the LED light sources installed in

the chamber.

Experimental design and statistical analysis

A split-plot design was used for all experiments where water-

stress regime as the main plot and genotype as the subplot factor.

Each treatment replicated three times. Treatment means, the

standard error of the means and least significant differences were

calculated using SAS� (Statistical Analysis System, Cary, NC)

software.
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