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Abstract: High molecular weight fructans are the main class of water-soluble carbohydrate used
for energy storage in many temperate grass species including perennial ryegrass (Lolium perenne L.).
As well as being important readily mobilisable energy reserves for the plant, fructans are also involved
in stress tolerance. Fructans are also readily digested by grazing ruminants and hence are a valuable
source of energy for sheep, beef and dairy production systems in temperate regions. This paper
describes the re-programming of the expression of fructan biosynthesis genes through the transgenic
manipulation of 6-glucose fructosyltransferase (6G-FFT) and sucrose:sucrose 1-fructosyl-transferase
(1-SST) in perennial ryegrass. Transgenic events were developed with altered fructan accumulation
patterns with increases in fructan accumulation and greatly increased accumulation of fructan in leaf
blades as opposed to the traditional site of fructan accumulation in the pseudostem. This altered site
of fructan accumulation has potential benefits for animal production as leaf blades form the major
part of the diet of grazing ruminants. Some of the transgenic events also exhibited enhanced biomass
production. This combination of high quality and enhanced yield is of great interest to forage plant
breeders and whilst the expression of these phenotypes needs to be confirmed under field conditions,
the identification and characterisation of the transgenic events described in this paper validate the
potential for the manipulation of fructan biosynthesis in perennial ryegrass.
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1. Introduction

Fructans are a class of water soluble carbohydrate whose primary function is to provide a
readily accessible energy reserve for plant growth. Fructans are associated with various advantageous
characters in grasses, such as cold and drought tolerance [1,2], increased tiller survival, good regrowth
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after cutting or grazing, improved recovery from stress, early spring growth and increased nutritional
quality. Fructans represent the major non-structural carbohydrate store in 15% of plant species [3]
and play a key role in forage quality. Ruminant livestock grazing on high fructan diets shows
improved animal performance including increased mass and milk production, and increases ammonia
assimilation [4–6].

Fructan synthesis and metabolism in grasses and cereals are complex. Fructans consist of linear
or branched fructose chains attached to sucrose. The chain length of plant fructans ranges from three
up to a few hundred fructose units. Different types of fructans can be distinguished based on the
linkage types present. In perennial ryegrass, three types of fructans have been identified: inulins,
inulin neoseries and levan neoseries with four fructosyltransferse (FT) enzymes involved in this
fructan profile. The enzyme 1-SST (sucrose: sucrose 1-fructosyltransferase) catalyses the first step in
fructan biosynthesis while the remaining enzymes elongate the growing fructose chain (1-FFT: fructan:
fructan 1-fructosyltransferase, 6G-FFT: 6-glucose fructosyltransferase, and 6-SFT: sucrose: fructose
6-fructosyltransferase). The enzymes 1-FEH or 6-FEH (fructoexohydrolase) reduce fructan chain length
by releasing fructose molecules.

Fructans accumulate in the stems and leaf sheaths with the majority of the accumulation in
the leaf sheaths or pseudostem at the base of the tillers. This has driven research and development
efforts towards increasing water soluble carbohydrate levels in grasses used in improved pastures,
both through molecular breeding and biotechnology. Fructan synthesis and metabolism is complex.
In grasses, the level and composition of fructans can be increased in stems and leaf sheaths through
the engineered expression of fructosyltransferase (FT) genes [7–9]. This, however, does not increase
significantly the level of high degree of polymerization fructans (high DP fructans) in leaf blades, the
tissues which are normally eaten by the large grazing animals in the field. In leaf blades, the expression
of members of FT family genes involved in fructan polymerization is generally low, but can be induced
by a number of abiotic stresses. Thus, accumulation of high DP fructans in leaves could provide more
accessible nutrition for grazing animals.

Therefore, fructans in mature leaf blades accumulate less than in leaf sheaths and stems [10]. In
order to specifically increase the level of fructans in leaf blades, a strategic approach was devised that
coordinately expresses fructan biosynthesis genes in photosynthetic tissues. This involved metabolic
re-programming of photosynthetic cells for enhanced sucrose and fructan production.

2. Results

2.1. Production of Transgenic Plants

The results of the biolistic transformation of embryogenic calli of perennial ryegrass are illustrated
in Figure 1. The bombardment of 500 calli for each of the transformation vectors led to the recovery
of between nine and 44 transgenic plants per vector that were confirmed to be positive for both the
selectable marker and gene of interest (Table 1).
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development of hygromycin‐resistant shoots in vitro; (K) Hygromycin‐resistant plants established in 
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Figure 1. Production of transgenic perennial ryegrass plants from microprojectile bombardment
of shoot meristem-derived calli. (A) Donor material for shoot meristems; high vegetative biomass,
nil-to-low root development; (B) Distribution of basal meristematic material on callus initiation medium;
(C) Proliferation of callus from basal meristematic regions; (D,E) Proliferation of embryogenic callus
derived from basal meristems; (F) Distribution of calli of high osmotic medium prior to biolistic
transformation; (G) Biolistic transformation device, PDS-1000/He; (H,I) Growth and development
of hygromycin-resistant shoots, 30–75 days after bombardment; (J) Growth and development of
hygromycin-resistant shoots in vitro; (K) Hygromycin-resistant plants established in soil and grown
under glasshouse containment conditions.

Table 1. Summary of the transformation progress for perennial ryegrass with wheat
photosynthetic-regulated expression of Lp1-SST and Lp6G-FFT and fusion open reading frames (ORFs).

Species Genotype Transforming DNA No Plates
Bombarded

No calli
Bombarded

No +ve
Transgenics

No Plates
Analysed

hph +ve
Plants

GOI +ve
Plants

L. perenne FLP 418-20 TaRbcS::Lp1-SST::Tarbcs +pACH1 10 500 46 46 37 32
L. perenne FLP 418-20 TaRbcS::Lp6G-FFT::Tarbcs +pACH1 10 500 50 50 48 38

L. perenne FLP 418-20 TaRbcS::Lp1-SST-Lp6G-FFT::Tarbcs
(1) + pACH1 10 500 47 47 47 44

L. perenne FLP 418-20 TaRbcS::Lp1-SST-Lp6G-FFT::Tarbcs
(3) + pACH1 10 500 26 26 26 23

L. perenne FLP 418-20 TaRbcS::GUS::Tarbcs +pACH1 10 500 13 13 11 9

2.2. Biochemical and Morphological Characterisation of Transgenic Plants

During the regeneration of the putative transgenic perennial ryegrass lines, differences in growth
phenotypes were noticed between the lines. Both the tissue culture regenerants and corresponding
soil grown plants from both of the fusion-1 and fusion-3 transgenic lines showed a superior vigour
phenotype compared to the transgenic plants containing either TaRbcS::Lp1-SST, TaRbcS::Lp6G-FFT,
TaRbcS::GUS or control plants containing only the selectable marker, hph (Figure 2).
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Figure 2. Plant regeneration phenotypes of transgenic perennial ryegrass (FLP-418-1) after
co-transformation with the light-regulated gene constructs (Table 1) and the pAcH1 vector, with
selection on hygromycin. The plants that contain either of the Lp1-SST-Lp6G-FFT fusion constructs
consistently perform better in tissue culture (far right column).

The plants showing the phenotype were confirmed to contain the gene-of-interest (GOI) using
real-time PCR and Southern hybridization analysis [11]. The superior growth phenotype of the
transgenic fusion-1 and fusion-3 lines was first observed during the early stages of plant regeneration
conducted on plates. Specifically, just 12 days after incubation under lights, the calli showed further
developed green shoots. The fast growth rate of the fusion transgenic plants became more evident
22 days after transferring to rooting media. Transgenic plants containing either fusion-1 or fusion-3
constructs showed an obvious increase in tiller number. In addition, the fusion transgenics consistently
showed a higher tiller density per plant compared to control lines (Figure 2).

Following transfer to soil and propagation under glasshouse conditions, more specific differences
were observed between the fusion-1 and fusion-3 lines. Even though both fusion plants displayed more
vigorous growth, fusion-1 lines had longer, thicker and slightly darker green leaf blades. Also, the
plants were physically more robust with thicker leaf sheaths and leaf blades. Fusion-3 lines continued
to grow faster than the other control plants with longer leaf blades and more vigorous tiller growth,
but the leaf morphology was more similar to wild-type. An increase in root biomass was also observed
in both fusion-1 and fusion-3 soil grown plants (Figure 3).

The control transgenic lines harbouring either the Lp1-SST or Lp6G-FFT as single genes did not
show the increased growth rate that was observed in the fusion-1 and -3 lines. Their appearance is
similar to each other, although some developed more vigorously than the transgenic plants containing
either Gus or hph (Figure 3).

Leaf blades from individual plants were cut and hand sectioned and viewed under a microscope
(Figure 4). There were apparent differences in the number of cells with chloroplasts: being more in
both of the transgenic fusion lines than in the control plants. In addition, chloroplasts were present in
cells located on the abaxial side (lower part of the leaf) of transgenic plants, despite both plants being
grown under the same light conditions in the growth room. Sometimes it was observed that control
plants produced more chloroplasts in mesophyll cells located on the adaxial side (upper side which
faces the light source) than on the abaxial side, whereas the transgenic plants most often produced a
near-equal number of chloroplasts on both sides. It was not possible to determine difference in cell
size or overall cell numbers from hand-made sections.
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Figure 3. Mature plant phenotypes. Representative samples of transgenic plants at vegetative stage.
The plants were trimmed equally three weeks earlier. Close-up micrographs of the leaf blades (right).
The fusion consistently has wider blades compared to control plants.
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stage. Left shows a comparison of whole leaf sections; right shows magnified areas of leaf sections.
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Biochemical analysis by HPAEC of water soluble carbohydrates extracted from independent
transformants harbouring the TaRbcs::FT-Fusion-1, TaRbcs::FT-Fusion-3, TaRbcs::Lp1-SST, TaRbcS::Lp6G-FFT,
and two control lines (hph only) showed that the fusion-1 and fusion-3 transgenic plants contained
significantly higher levels of total fructans (Figure 5), showing up to a 2.5-fold increase over the control
lines (Figure 6).
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Figure 5. Biochemical analysis (HPAEC) of fructan level and composition present in transgenic
TaRbcs::Fusion-3 (1), TaRbcs::Fusion-1 (2) and control plants (3) harbouring only the selectable marker
(hph gene).  
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Figure 6. Biochemical analysis (HPAEC) of total fructans present in whole tillers of (A)
TaRbcs::Lp1-SST-Lp6G-FFT fusion-1, (B) TaRbcs::Lp1-SST-Lp6G-FFT fusion-3, (C) TarbcS::Lp1-SST, and
(D) TarbcS::6G-FFT transgenic lines compared to control lines (lanes 6′ and 1′), harbouring only the
selectable marker (hph gene).

In addition, the levels of 1-kestose were up to four times higher in fusion-1 lines, and three
times higher in fusion-3 lines compared to the hph controls (Figure 7). In the TaRbcs::Lp1-SST plants,
1-Kestose increased up to three-fold whereas total fructan content only increased 0.5-fold. In contrast,
1-kestose levels in the TaRbcS::Lp6G-FFT transgenic plant lines showed marginal increases in 1-kestose
(up to 0.5-fold) and only one line showed a small increase in total fructans (Figure 7). Analysis of
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sucrose contents of all the lines revealed that some of the high fructan lines also showed an increase in
total sucrose content (Figure 8).
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TaRbcs::Lp1-SST-Lp6G-FFT fusion-1, (B) TaRbcs::Lp1-SST-Lp6G-FFT fusion-3, (C) TarbcS::Lp1-SST, and
(D) TarbcS::6G-FFT transgenic lines compared to control lines (lanes 6′ and 1′), harbouring only the
selectable marker (hph gene).

Agronomy 2017, 7, 36    7 of 14 

 

(C)  (D) 

Figure  6.  Biochemical  analysis  (HPAEC)  of  total  fructans  present  in  whole  tillers  of  (A) 

TaRbcs::Lp1‐SST‐Lp6G‐FFT fusion‐1, (B) TaRbcs::Lp1‐SST‐Lp6G‐FFT fusion‐3, (C) TarbcS::Lp1‐SST, and 

(D) TarbcS::6G‐FFT transgenic lines compared to control lines (lanes 6′ and 1′), harbouring only the 

selectable marker (hph gene). 

(A)  (B) 

(C)  (D) 

Figure  7.  Biochemical  analysis  (HPAEC)  of  1‐kestose  present  in  whole  tillers  of  (A) 

TaRbcs::Lp1‐SST‐Lp6G‐FFT fusion‐1, (B) TaRbcs::Lp1‐SST‐Lp6G‐FFT fusion‐3, (C) TarbcS::Lp1‐SST, and 

(D) TarbcS::6G‐FFT transgenic lines compared to control lines (lanes 6′ and 1′), harbouring only the 

selectable marker (hph gene). 

(A)  (B) 

(C)  (D)

Figure 8. Biochemical analysis (HPAEC) of sucrose present in whole tillers of (A)
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Agronomy 2017, 7, 36 8 of 13

3. Discussion

The main storage carbohydrates in perennial ryegrass are high molecular weight fructans with a
prevalence of β(2-6) linkages [10,12,13]. The expression of enzymes involved with fructan biosynthesis
(6G-FFT, 1-SST and 6-SFT) [12,13] is highly tissue-specific and tends to be associated with the base
of leaves and leaf sheaths/pseudostems which are also the site of fructan accumulation in perennial
ryegrass which is consistent with the role of fructans as storage carbohydrates to support the regrowth
of leaves [14] and their potential role in osmoregulation and membrane protection during drought and
water stress [15].

In this research, we have demonstrated that through the development of transgenic plants with
fructan biosynthetic genes under the control of photosynthetic promotors, not only have concentrations
of fructan, kestose and sucrose been increased overall but also in the leaf blades. This is of key
importance if the aim of increasing fructan concentrations is to improve the nutritive value of perennial
ryegrass through increasing the concentration of water-soluble carbohydrates [16]. Increasing the
concentration of water-soluble carbohydrates is important for grazing ruminants as it serves to increase
both the energy concentration of the herbage but also plays a role in improving the synchrony of
fermentation in the rumen and hence the efficiency of conversion of ingested grass into animal
products [17]. Comprehensive bioeconomic modelling of the impact of an increase of 1 MJ/kg in dairy
pasture has been shown to have the potential to increase the profitability of dairy farms both directly
through the increased nutritive value of the herbage and indirectly through the reduction in the use of
purchased supplementary sources of energy such as grain or pellets [18].

The mechanism of the high biomass phenotype observed in some transgenic events in this study
is unknown and it is acknowledged that the phenotype was measured in primary transformants but it
is clear that the combination of increased productivity combined with increased concentrations could
lead to benefits over and above those described by Ludemann et al. [18].

Previous work has shown that it is important to combine high energy traits with good agronomic
adaption to the target environment, otherwise the trait is not always expressed or the seasonal growth
pattern may not suit the needs of the grazing enterprise [17,19]. The transgenic events described in
this paper are in a tissue culture-responsive genotype from an elite perennial ryegrass breeding line
and further work is planned to evaluate these events under field conditions and to further cross them
into a broader range of backgrounds to investigate the effects of genotype x environment interactions
on the expression of the transgene.

4. Materials and Methods

4.1. Identification and Cloning of Photosynthetic Promoters from Perennial Ryegrass

The expression of RbcS and Chlorophyll a/b Binding Protein (CAB) is well characterised by
light-regulated genes in higher plants.

Both LpRbcS and LpCAB genes were chosen for promoter discovery and isolation in perennial
ryegrass. Publicly available cDNA sequences (LpRbcS, EC778430 and LpCAB, EC778438) were used
as query sequences in a BLAST search of the perennial ryegrass EST database in our in-house
database. As both genes are members of multigene families, several contigs (each contig represents
an individual gene) were identified in our perennial ryegrass EST collection. Nine contigs were
identified to be homologous to the published LpRbcS cDNA sequence and thirteen contigs were found
to be homologous to the LpCAB cDNA sequence. Two contigs, LpRbcS (LPCL9_C359) and LpCAB
(LpCL1112_C12), representing the genes of the promoters to be isolated, contained (47) and (19) EST
sequences, respectively. These sequences came from a variety of libraries representing a range of
different tissues. This data was used for in silico expression analysis and indicated that both genes are
only expressed in photosynthetic tissues.

DNA sequence alignments for each of the gene family members were performed, and gene-specific
primers were designed for contigs LpRbcS_C359 and LpCAB_C12 and used to screen perennial ryegrass
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BAC DNA pools by PCR. The BAC clones were identified and sequenced. Primers were designed
and the Lolium perenne-specific promoter regulatory sequences were cloned, sequenced and the
cis-regulatory sequences specific for photosynthetic promoters were identified by PLACE (Table 2). The
sequences included the I-Box motif and the GT1 box for RbcS [19,20]. In addition, 16/19 nucleotides of
the LpRbcS sequence shared homology with the monocot Rbs Consenesus sequence [21]. The I-Core
box and SORLIPs cis-regulatory sequences were present in the CAB promoter. SORLIPs were found to
be over-represented in light-induced promoters in Arabidopsis [22].

These L. perenne-specific promoter regulatory sequences were subsequently used in the
construction of backbone-free expression cassettes with fructan biosynthesis genes.

Table 2. The position of the cis-regulatory sequences identified by PLACE. Common cis-acting
regulatory sequences are listed [19,21,22,24]. Positions noted are the first nucleotide in the sequence
relative to the ATG. (n.p.—not present).

cis-Acting Regulatory seq. Accession Position LpRbcS Position LpCAB
I-Box Core S000199 −184 −137

I-Box S000124 −311 −137
GT1 consensus S000198 −304 n.p.

RbcS monocot seq Schaffner et al., 1991 −173 to −151 n.p.
SORLIPs S000482 n.p. −58, −217, −647, −695

4.2. Isolation of Fructan Biosynthesis Genes

The Lolium perenne cDNA clones encoding sequences for Lp1-SST and Lp6G-FFT have previously
been isolated from a perennial ryegrass cDNA library [12,23]. The complete gene sequences of the
isolated perennial ryegrass fructosyltransferase homologues are publicly available.

4.3. Cloning of FT Translational Fusion

It has been proposed that FT proteins may physically associate with each other to facilitate the
efficient biosynthesis of fructans. Therefore, a genetic fusion was created between the open reading
frames for Lp1-SST and Lp6G-FFT.

The Lp1-SST gene was PCR-amplified with a GATEWAY recombination site incorporated in
the forward primer. A sequence that codes for three glycine residues followed by a Hind III site
was incorporated into the reverse primer, with the stop codon removed. The Lp6G-FFT gene was
PCR-amplified with a Hind III site followed by a sequence that codes for three glycine residues and
the gene-specific sequence without the ATG. The reverse primer for the Lp6G-FFT gene was flanked
by a second GATEWAY recombination site. The primer sequences are provided in Table 3. The
purified fragments were digested with Hind III and the ligated product was cloned into the Invitrogen
GATEWAY pDONR221 entry vector. When the resultant pENTRY1-Lp1-SST-Lp6G-FFT-2 entry clones
were sequenced, one sequence (fusion-1) was confirmed to be the predicted product, with eight
amino acids in the linker joining the two genes. However, another sequence (fusion-3) contained two
consecutive Hind III sites, which would result in the addition of another two amino acids, giving a
total of ten amino acids between the two FT genes upon translation.

Table 3. Primer sequences used to amplify the PCR fragments used to generate the translational fusion
of the Lp1-SST and Lp6G-FFT fructosyl transferase genes (FT Lp1-SST::Lp6G-FFT). Black sequences
are gene-specific, blue and red (Hind III RE site) sequences are nucleotides introduced to generate the
linker region, and green nucleotides represent the recombination-specific sequences.

Gene Forward Primer Reverse Primer

Lp1-SST GGGGACAAGTTTGTACAAAAAAGCAGG
CTTCATGGAGTCCCCAAGCGCCGTC

TCTAAGCCTTTCCTCCTCCCAAGTCG
TCGTTCGTG

Lp6G-FFT ACTAAGCTTGGAGGAGGAGAGTCCAG
CGCCG

GGGGACCACTTTGTACAAGAAAGCTGGG
TCCTACATGTCGTCAGCCAAGAAGGCC



Agronomy 2017, 7, 36 10 of 13

4.4. Generation of Vectors for Transgenic Assays

A number of vectors were constructed using Invitrogen Multisite GatewayTM technology
based on recombinational cloning. This methodology relies on the generation of individual entry
plasmids containing either the promoter, gene of interest (GOI), or terminator sequences flanked by
recombination sites. The recombination sites facilitate the directional triple insertion of each of the
entry plasmids into a gateway-enabled destination vector, by recombination. The final vector is then
sequenced and used directly for plant co-transformation with a plasmid for expression of a plant
selectable marker.

In order to test the function of the fusion protein, the FT fusion-1 and FT fusion-3 ORFs were
cloned under the control of the enhanced cauliflower mosaic virus (CAMV)35S2 promoter [25], using
the Invitrogen Multisite GatewayTM Technology recombination into Agrobacterium binary vector [26].

Gateway entry vectors were constructed for the (CAMV)35S2 promoter, the TaRbcS terminator
sequence, as well as FT fusion-1 and FT fusion-3 ORFs. The cloned fragments were sequence-verified
and used for three-way recombination cloning with the cloned GOI cDNA sequences into the
pPZP200ubi:bar-nos R4 R3 destination vector. In addition, constructs also included the Lp6G-FFT
and Lp1-SST single ORF driven by the (CAMV)35S2 promoter as controls. The Lp1-FFT single ORF will
also be cloned in the same manner. As a control, the GUS ORF was used for confirmation of expression.
The following constructs were made.

• pPZP200: 35S2::Lp6G-FFT::TaRbcS
• pPZP200: 35S2::Lp1-SST::TaRbcS
• pPZP200: 35S2::Lp1-FFT::TaRbcS
• pPZP200: 35S2::Lp1-SST::6G-FFT::TaRbcS
• pPZP200: 35S2::GUS::TaRbcS

4.5. Function of Lp1-SST, Lp6G-FFT and FT-Fusion Protein in Transient Transgenic Assays

For proof-of-function, transient expression of the 35S promoter constructs was conducted in
tobacco plants, as they do not naturally store fructans. The method involved agro-infiltration of the
individual constructs into N. benthamiana leaves [27,28] followed by biochemical analysis by anion
exchange. Three days after the injection, the plant material was harvested and the water-soluble
carbohydrates were extracted using a hot water extraction method. The extracts were separated
using high performance anion exchange chromatography (HPAEC). The results showed production of
fructans, with the increased production of both 1-kestose and 6G-kestose by the fusion protein data
(not shown) so vectors were designed for the stable transformation of perennial ryegrass.

4.6. Generating Vectors for Stable Transformation

A 695 kb promoter fragment from a previously published sequence containing the TATA signal
from the TaRbcS gene (NCBI accession number AB042069) was PCR-amplified with GatewayTM

(Invitrogen) recombination sites at the primer flanks. The fragment was cloned into the Invitrogen
pDONRP4-P1R entry vector using GatewayTM recombination technology. The 696 bp TarbcS
gene termination signal sequence [29] was also PCR-amplified using primers with recombination
sites and cloned into the Invitrogen pDONRP2-P3R entry vector. The cloned fragments were
sequence-verified and used for three-way recombination cloning with the cloned GOI cDNA sequences
into the pDEST-R4R3 destination vector: pDESTR1-R2R-Lp1-SST, pDESTR1-R2-Lp6G-FFT, and
pDESTP1-P2R-Lp1-SST-Lp6G-FFT gene fusion expression vectors. The following constructs for
photosynthetic-regulation of expression of fructosyltransferases by the TarbcS promoter to be used are
outlined below.

• pDEST-TaRbcS::Lp1-SST::TaRbcS
• pDEST-TaRbcS::Lp6G-FFT::TaRbcS
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• pDEST-TaRbcS::Lp1-SST-Lp6G-FFT::TaRbcS (fusion-1)
• pDEST-TaRbcS::Lp1-SST-Lp6G-FFT::TaRbcS (fusion-3)
• pDEST-TaRbcS::GUS::TaRbcS

4.7. Production of Transgenic Ryegrass Plants

Biolistic co-transformation of perennial ryegrass with the vectors containing the TaRbcS regulatory
sequences, driving the expression of individual fructan genes or as a translational fusion, and the
pAcH1 vector for hygromycin resistance was conducted on embryogenic calli for perennial ryegrass
using the method of Spangenberg et al. [30]. The pAcH1 vector was previously constructed and has
been used successfully in plant transformation experiments [30–34]. The GUS marker gene was also
cloned as a positive control. Table 2 summarises the transformation and molecular analysis for the
generation of these lines. Following agarose gel electrophoresis, the resulting DNA fragment was
purified from the agarose gel prior to being used for plant transformation to produce DNA without
vector backbone sequences. The pAcH1 vector previously constructed and used successfully in plant
transformation experiments was also digested with restriction enzymes to produce a DNA fragment
for the expression of the selectable marker only [30–34].

A tissue culture responsive genotype, FLp418-20, was selected for use in these experiments on
the basis of observed shoot regeneration from embryogenic callus. Clonal replicates of this genotype
were used to provide the material for biolistic transformation using the vectors described above and
following the method of Spangenberg et al. [30] and illustrated in Figure 1.

4.8. Transgene Detection

The presence of the transgene and selectable markers were confirmed using the methods
described in detail by Badenhorst [11]. In summary, following growth in selectable media during
tissue culture, the presence of the transgene was confirmed using real-time PCR and Southern
hybridisation. Real-time PCR results were scored in comparison to positive (plasmid DNA) and
negative (non-transgenic plant DNA, no-template) control templates with the endogenous histone
H3 gene (LpHisH3) included as a control [11]. Southern hybridization of genomic DNA with
chemiluminescent detection was used to visualize the results of probes designed for the RBcS or
LpFT1 promoter, the LpFT4 terminator and the hph selection cassette [11] (results not shown).

4.9. Quantification of Carbohydrates

Concentrations of monosaccharides and fructan in plant tissue samples were quantified using a
high performance-anion exchange chromatography (HP-AEC) method described by Liu et al. [35].

5. Conclusions

Transgenic events were developed with altered fructan accumulation patterns with increases
in fructan accumulation and greatly increased accumulation of fructan in leaf blades as opposed
to the traditional site of fructan accumulation in the pseudostem. This altered site of fructan
accumulation has potential benefits for animal production as leaf blades form the major part of the diet
of grazing ruminants. Some of the transgenic events also exhibited enhanced biomass production. This
combination of high quality and enhanced yield is of great interest to forage plant breeders and whilst
the expression of these phenotypes needs to be confirmed under field conditions, the identification
and characterisation of the transgenic events described in this paper validate the potential for the
manipulation of fructan biosynthesis in perennial ryegrass.

Acknowledgments: This work was carried out as part of the Molecular Plant Breeding Co-operative Research
Centre and the Dairy Futures Co-operative Research Centre.

Author Contributions: G.S., A.M., M.G., P.B., K.F.S. and S.P. conceived and designed the experiments; M.L., S.P.
and P.B. performed the experiments; A.M., L.M., M.G., S.P., P.B. and G.S. analyzed the data; K.F.S. wrote the paper.



Agronomy 2017, 7, 36 12 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guerrand, D.; Prud’homme, M.; Boucaud, J. Fructan metabolism in expanding leaves, mature leaf sheaths
and mature leaf blades of Lolium perenne. Fructan synthesis, fructosyltransferase and invertase activities.
New Phytol. 1996, 134, 205–214. [CrossRef]

2. Thomas, H.; James, A. Partitioning of sugars in Lolium perenne (perennial ryegrass) during drought and on
rewatering. New Phytol. 1999, 142, 295–305. [CrossRef]

3. Hendry, G.; Wallace, R. The origin, distribution and evolutionary significance of fructans. In Science and
Technology of Fructans; Suzuki, M., Chatterton, N.J., Eds.; CRC Press: Baton Rouge, FL, USA, 1993; pp. 119–139.

4. Nocek, J.; Russell, J. Protein and energy as in integrated system. Relationship of ruminal protein and
carbohydrate availability to microbial synthesis and milk production. J. Dairy Sci. 1988, 70, 2070–2107.
[CrossRef]

5. Biggs, D.; Hancock, K. In vitro digestion of bacterial and plant fructans and effects on ammonia accumulation
in cow and sheep rumen fluids. J. Gen. Appl. Microbiol. 1998, 44, 167–171. [CrossRef]

6. Taweel, H.Z.; Tas, B.M.; Smit, H.J.; Elgersma, A.; Dijkstra, J.; Tamminga, S. Effects of feeding perennial
ryegrass with an elevated concentration of water-soluble carbohydrates on intake, rumen function and
performance of dairy cows. Anim. Feed Sci. Technol. 2005, 121, 243–256. [CrossRef]

7. Ye, X.; Wu, X.; Zhao, H.; Frehner, M.; Nosberger, J.; Potrykus, I.; Spangenberg, G. Altered fructan
accumulation in transgenic Lolium multiflorum plants expressing a Bacillus subtilis sacB gene. Plant Cell Rep.
2001, 20, 205–212. [CrossRef]

8. Hisano, H.; Kanazawa, A.; Kawakami, A.; Yoshida, M.; Shimamoto, Y.; Yamada, T. Transgenic perennial
ryegrass plants expressing wheat fructosyltransferase genes accumulate increased amounts of fructan and
acquire increased tolerance on a cellular level to freezing. Plant Sci. 2004, 167, 861–868. [CrossRef]

9. Gadegaard, G.; Didion, T.; Folling, M.; Storgaard, M.; Andersen, C.H.; Nielsen, K.K. Improved fructan
accumulation in perennial ryegrass transformed with the onion fructosyltransferase genes 1-SST and 6G-FFT.
J. Plant Physiol. 2008, 165, 1214–1225. [CrossRef] [PubMed]

10. Pollock, C.; Jones, T. Seasonal patterns of fructan metabolism in forage grasses. New Phytol. 1979, 83, 9–15.
[CrossRef]

11. Badenhorst, P.E. 2014. Phenomic Evaluation and Molecular Breeding of Field-Grown Transgenic Perennial
Ryegrass (Lolium perenne) with Altered Fructan Biosynthesis. Ph.D. Thesis, La Trobe University Bundoora,
Melbourne, Australia, 2014.

12. Chalmers, J.; Lidgett, A.; Cummings, N.; Cao, Y.; Forster, J.; Spangenberg, G. Functional genomics of fructan
metabolism in temperate grasses. Plant Biotechnol. J. 2005, 3, 459–474. [CrossRef] [PubMed]

13. Lasseur, B.; Lothier, J.; Wiemken, A.; van Laere, A.; Morvan-Bertrand, A.; Van den Ende, W.; Prudhomme, M.P.
Towards a better understanding of the generation of fructan structure diversity in plants: Molecular and
functional characterization of a sucrose:fructan 6-fructosyltransferase (6-SFT) cDNA from perennial ryegrass
(Lolium perenne). J. Exp. Bot. 2011, 62, 1871–1885. [CrossRef] [PubMed]

14. Morvan-Bertrand, A.; Boucaud, J.; Le Saos, J.; Prud’homme, M.P. Roles of fructans from leaf sheaths and
from the elongating leaf bases in the regrowth following defoliation of Lolium perenne L. Planta 2001, 213,
109–120. [CrossRef] [PubMed]

15. Livingston, D.P.; Hincha, D.K.; Heyer, A.G. Fructan and its relationship to abiotic stress tolerance in plants.
Cell. Mol. Life Sci. 2009, 66, 2007–2023. [CrossRef] [PubMed]

16. Smith, K.F.; Simpson, R.J.; Oram, R.N.; Lowe, K.F.; Kelly, K.B.; Evans, P.M.; Humphreys, M.O. Seasonal
variation in the herbage yield and nutritive value of perennial ryegrass (Lolium perenne L.) cultivars with
high or normal herbage water soluble carbohydrate concentrations grown in three contrasting Australian
dairy environments. Aust. J. Exp. Agric. 1998, 38, 821–830. [CrossRef]

17. Smith, K.F.; Reed, K.F.M.; Foot, J.Z. An assessment of the relative importance of specific traits for the genetic
improvement of nutritive value in dairy pasture. Grass Forage Sci. 1997, 52, 167–175. [CrossRef]

18. Ludemann, C.I.; Eckard, R.J.; Cullen, B.R.; Jacobs, J.L.; Malcolm, B.; Smith, K.F. Higher energy concentration
traits in perennial ryegrass (Lolium perenne L.) may increase profitability and improve energy conversion on
dairy farms. Agric. Syst. 2015, 137, 89–100. [CrossRef]

http://dx.doi.org/10.1111/j.1469-8137.1996.tb04625.x
http://dx.doi.org/10.1046/j.1469-8137.1999.00388.x
http://dx.doi.org/10.3168/jds.S0022-0302(88)79782-9
http://dx.doi.org/10.2323/jgam.44.167
http://dx.doi.org/10.1016/j.anifeedsci.2005.02.024
http://dx.doi.org/10.1007/s002990000304
http://dx.doi.org/10.1016/j.plantsci.2004.05.037
http://dx.doi.org/10.1016/j.jplph.2007.06.019
http://www.ncbi.nlm.nih.gov/pubmed/17933422
http://dx.doi.org/10.1111/j.1469-8137.1979.tb00720.x
http://dx.doi.org/10.1111/j.1467-7652.2005.00148.x
http://www.ncbi.nlm.nih.gov/pubmed/17173633
http://dx.doi.org/10.1093/jxb/erq388
http://www.ncbi.nlm.nih.gov/pubmed/21196473
http://dx.doi.org/10.1007/s004250000478
http://www.ncbi.nlm.nih.gov/pubmed/11523646
http://dx.doi.org/10.1007/s00018-009-0002-x
http://www.ncbi.nlm.nih.gov/pubmed/19290476
http://dx.doi.org/10.1071/EA98064
http://dx.doi.org/10.1111/j.1365-2494.1997.tb02347.x
http://dx.doi.org/10.1016/j.agsy.2015.03.011


Agronomy 2017, 7, 36 13 of 13

19. Terzaghi, W.B.; Cashmore, A.R. Light-regulated transcription. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1995,
46, 445–474. [CrossRef]

20. Francis, S.A.; Chapman, D.F.; Doyle, P.T.; Leury, B.J. Dietary preferences of cows offered choices between
white clover and “high sugar” and “typical” perennial ryegrass cultivars. Aust. J. Exp. Agric. 2006, 46,
1579–1587. [CrossRef]

21. Schaffner, A.R.; Sheen, J. Maize rbcS Promoter Activity Depends on Sequence Elements Not Found in Dicot
rbcS Promoters. Plant Cell 1991, 3, 997–1012. [CrossRef] [PubMed]

22. Hudson, M.E.; Quail, P.H. Identification of promoter motifs involved in the network of phytochrome
A-regulated gene expression by combined analysis of genomic sequence and microarray data. Plant Physiol.
2003, 133, 1605–1616. [CrossRef] [PubMed]

23. Chalmers, J.; Johnson, X.; Lidgett, A. Isolation and characterisation of a sucrose:sucrose 1-fructosyltransferase
gene from perennial ryegrass (Lolium perenne). J. Plant Physiol. 2003, 160, 1385–1391. [CrossRef] [PubMed]

24. Martinez-Hernandez, A.; Lopez-Ochoa, L.; Arguello-Astorga, G.; Herrara-Estrella, L. Functional properties
and regulatory complexity of a minimal RBCS light-responsive unit activated by phytochrome, cryptochrome,
and plastid signals. Plant Physiol. 2002, 128, 1223–1233. [CrossRef] [PubMed]

25. Kay, R.; Chan, A.; Daly, M.; McPherson, J. Duplication of CaMV 35S promoter sequences creates a strong
enhancer for plant genes. Science 1987, 236, 1299–1302. [CrossRef] [PubMed]

26. Hajdukiewicz, P.; Svab, Z.; Maliga, P. The small, versatile pPZP family of Agrobacterium binary vectors RT
for plant transformation. Plant Mol. Biol. 1994, 25, 989–994. [CrossRef] [PubMed]

27. Kapila, J.; De Rycke, R.; van Montagu, M.; Angenon, G. An Agrobacterium-mediated transient gene
expression system for intact leaves. Plant Sci. 1997, 124, 227. [CrossRef]

28. Wydro, M.; Kozubek, E.; Lehmann, P. Optimization of transient Agrobacterium-mediated gene expression
system in leaves of Nicotiana benthamiana. Acta Biochim. Pol. 2006, 53, 289–298. [CrossRef] [PubMed]

29. Sasanuma, T. Characterization of the rbcS multigene family in wheat: Subfamily classification, determination
of chromosomal location and evolutionary analysis. Mol. Genet. Genom. 2001, 265, 161–171. [CrossRef]

30. Spangenberg, G.; Wang, Z.Y.; Wu, X.; Nagel, J.; Potrykus, I. Transgenic perennial ryegrass (Lolium perenne)
plants from microprojectile bombardment of embryogenic suspension cells. Plant Sci. 1995, 108, 209–217.
[CrossRef]

31. Bilang, R.; Shigeru, I.; Peterhans, A.; Potrykus, I.; Paszkowski, J. The 3′-terminal region of the
hygromycin-B-resistance gene is important for its activity in Escherichia coli and Nicotiana tabacum. Gene 1991,
100, 247–250. [CrossRef]

32. Spangenberg, G.; Wang, Z.Y.; Wu, X.L.; Nagel, J.; Iglesias, V.A.; Potrykus, I. Transgenic tall fescue and red
fescue plants from microprojectile bombardment of embryogenic suspension cells. J. Plant Physiol. 1995, 145,
693–701. [CrossRef]

33. Ye, X.; Wang, Z.Y.; Potrykus, I.; Spangenberg, G. Transgenic Italian ryegrass (Lolium multiflorum) plants from
microprojectile bombardment of embryogenic suspension cells. Plant Cell Rep. 1997, 16, 379–384. [CrossRef]

34. Bai, Y.; Qu, R. Genetic transformation of elite turf-type cultivars of Tall Fescue. Int. Turfgrass Soc. Res. J. 2001,
9, 129–136.

35. Liu, Z.; Mouradov, A.; Smith, K.F.; Spangenberg, G. An improved method for quantitative analysis of total
fructans in plant tissues. Anal. Biochem. 2011, 418, 253–259. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1146/annurev.pp.46.060195.002305
http://dx.doi.org/10.1071/EA04085
http://dx.doi.org/10.1105/tpc.3.9.997
http://www.ncbi.nlm.nih.gov/pubmed/1822995
http://dx.doi.org/10.1104/pp.103.030437
http://www.ncbi.nlm.nih.gov/pubmed/14681527
http://dx.doi.org/10.1078/0176-1617-01107
http://www.ncbi.nlm.nih.gov/pubmed/14658392
http://dx.doi.org/10.1104/pp.010678
http://www.ncbi.nlm.nih.gov/pubmed/11950971
http://dx.doi.org/10.1126/science.236.4806.1299
http://www.ncbi.nlm.nih.gov/pubmed/17770331
http://dx.doi.org/10.1007/BF00014672
http://www.ncbi.nlm.nih.gov/pubmed/7919218
http://dx.doi.org/10.1016/S0168-9452(96)04541-4
http://dx.doi.org/10.1111/j.1467-7652.2005.00123.x
http://www.ncbi.nlm.nih.gov/pubmed/16582986
http://dx.doi.org/10.1007/s004380000404
http://dx.doi.org/10.1016/0168-9452(95)04135-H
http://dx.doi.org/10.1016/0378-1119(91)90375-L
http://dx.doi.org/10.1016/S0176-1617(11)81283-6
http://dx.doi.org/10.1007/BF01146777
http://dx.doi.org/10.1016/j.ab.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21867673
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Production of Transgenic Plants 
	Biochemical and Morphological Characterisation of Transgenic Plants 

	Discussion 
	Materials and Methods 
	Identification and Cloning of Photosynthetic Promoters from Perennial Ryegrass 
	Isolation of Fructan Biosynthesis Genes 
	Cloning of FT Translational Fusion 
	Generation of Vectors for Transgenic Assays 
	Function of Lp1-SST, Lp6G-FFT and FT-Fusion Protein in Transient Transgenic Assays 
	Generating Vectors for Stable Transformation 
	Production of Transgenic Ryegrass Plants 
	Transgene Detection 
	Quantification of Carbohydrates 

	Conclusions 

