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Abstract In agricultural environments where canola

(Brassica napus) is grown, slow germination can

increase the susceptibility of seedlings to pathogens,

delay maturity, and decrease yield. Bacterial products

that enhance germination have been identified for a

variety of plants. Three signal molecules were investi-

gated: Bradyrhizobium japonicum 532C product lipo-

chitooligosaccharide (LCO), Bacillus thuringiensis

NEB17 product thuricin 17, and chitopentaose, which is

the undecorated chitin backbone of LCO. Gompertz

functions were estimated and used for inferences

regarding the signal, cultivar-by-temperature, and signal-

by-temperature effects on 6 cultivars (02C3, 02C6,

04C111, 04C204, Polo, and Topas). LCO (10-6 M) was

found to increase Polo germination by 75.0 %, during

the 5–15 growing degree day period. Such early B. na-

pus germination can, under field conditions, increase

canopy coverage and yield. Further experimentation with

the other experimental cultivars discerned an improve-

ment in the germination of Topas, following treatment

with LCO, under ideal (24 h 25 �C) and abiotic stress

(24 h 10 �C) growing conditions, as compared to Polo

and 04C204. The response to LCO was discernable for

Polo under AOSA (J Seed Technol 16:112, 1993) stan-

dard temperature conditions and for Topas when con-

sidered across temperature conditions in comparison to

Polo and 04C204.
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Introduction

Rhizobia-legume and rhizobia-Parasponia symbiotic

interactions are mediated by lipo-chitooligosaccharide

signal molecules (reviewed by Oldroyd and others 2010;

Op den Camp and others 2011). For most legumes, lipo-

chitooligosaccharides play a pivotal role in host-symbiont

specificity and the induction of the early steps of

infection and root nodule organogenesis, including sym-

biotic gene activation leading to mitotic reactivation of

the cortical cells, and the formation of pre-infection

threads (Oldroyd and others 2010). The Nod factor we

applied was Nod Bj V (C18:1, MeFuc) (MW 1,415 Da).

It is a fatty acylated chitin pentasaccharide, that is, five

N-acetylglucosamine (GlcNAc) residues with a 2-O-

methyl-L-fucosyl residue attached to the 6-position of the

reducing-end GlcNAc (Carlson and others 1993). The

relative orientation of the oligosaccharide and acyl

moieties can range from being extended to essentially

perpendicular to being quasi-parallel (Groves and others

2005; Morando and others 2011). It is likely that the

lipid decoration of the LCO molecule is involved in the

specificity of the perception of it by plants (Gough and

Cullimore 2011). At 10-3 M concentrations, lipo-chit-

ooligosaccharides form large molecular weight aggre-

gates in aqueous solution, but they are likely monomeric

at physiological concentrations (Groves and others 2005).

Lipo-chitooligosaccharide is accumulated with relatively

low levels of uptake. It is concentrated and immobilized

by binding sites in the plant cell wall, which become
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saturated by 10-6 M concentrations, before interaction

with any receptors, such as lysin motif (LysM)-contain-

ing chitin elicitor receptor kinases (RLKs) in the plasma

membrane (Goedhart and others 2000).

Brassica napus has neither symbiotic rhizobial nor

mycorrhizal associations, but plants that do not host rhi-

zobia may nevertheless perceive LCO (Liang and others

2013). Five LysM RLK genes were identified in brassica-

ceous Arabidopsis thaliana (L.) Heynh., including RLK1,

also known as CERK1, which induces plant defense after

binding to penta- to octameric chitin more strongly than

chitin oligomers (Petutschnig and others 2010). (Ohnuma

and others 2008) showed that the binding affinities of the

LysM domains increase as the number of GlcNAc oligomer

repeats increases. However, Liang and others (2013)

reported that non-legume plants, including Arabidopsis,

recognized Nod Bj V (C18:1) via a mechanism that

resulted in strong suppression of microbe-associated

molecular pattern (MAMP)—triggered immunity, which

lead to reduced levels of pattern-recognition receptors on

plasma membranes involved in MAMP recognition. Ultra-

performance liquid chromatography—electron spray ioni-

zation quantification has shown that treatment with Nod Bj

V (C18:1, MeFuc) increased the total abscisic acid

(10.19 %) and salicylic acid (15.00 %) contents, and

decreased indolylacetic acid (-49.68 %), cytokinin

(-36.24 %), gibberellic acid (-19.41 %), and jasmonic

acid (-33.66 %) contents of Arabidopsis rosettes, 24 h

post-treatment (Subramanian 2014). These levels of sali-

cylic acid (SA) accumulation are somewhat less than the

100–200 % increase over background levels that would be

expected to be induced at the primary leaf due to second

stage systemic acquired resistance (SAR) (Cameron and

others 1999), and although SAR is associated with an

increase in transcript levels of pathogenesis-related genes,

pathogen response protein 1 (PR1) did not increase in

LCO-treated Arabidopsis (Subramanian 2014). Previous

work has shown that Nod Bj V(C18:1, MeFuc) from

Bradyrhizobium japonicum USDA110 can stimulate cell

division of wild soybean (Glycine soja P1468397 [Siebold

and Zucc.]) and siratro (Macroptilium atropurpureum

[DC.] Urb.) at 10-10 M (Sanjuan and others 1992). Nod Bj

V(C18:1, MeFuc) produced by B. japonicum 532C

may play a role in seed germination and the growth of

diverse plants (Prithiviraj and others 2003). Lipo-chit-

ooligosaccharides from different rhizobia added to tomato

(Lycopersicon esculentum [Mill.]) cell culture suspensions

at 10-8 M stimulated a rapid transient alkalinization of the

medium (Staehelin and others 1994). This response is also

induced by chitin fragments at lower concentrations, which

indicates that this perception system is characteristic for

chitin fragments or their derivatives rather than for LCOs

(Felix and others 1993).

Chitopentaose is a linear polysaccharide composed of

(1 ? 4)-linked GlcNAc residues derived from chitin.

Chitin is present in the exoskeleton of arthropods, and

fungal cell walls (Rinaudo 2006). Chito-oligosaccharides

are MAMPs that may be perceived by plants. Microbial-

associated molecular patterns can lead to pattern-trig-

gered immunity (Hamel and Beaudoin 2010). Chito-oli-

gosaccharides elicit plant defense reactions in relatively

diverse plants, as compared to Nod factor recognition,

which is thought to be highly specific (Wan and others

2008). For example, 10-8 M chitopentaose, produced by

glomeromycete Rhizophagus irregularis, triggered maxi-

mal Ca2? spiking in barrel medic (Medicago truncatula

[Gaertn.]) root organ culture atrichoblast cells (Genre and

others 2013). Wang and others (2010) produced chito-

pentaose, among other things, after 5 days of fermenta-

tion of squid pen biowaste with Pseudomonas aeruginosa

K187 that was isolated from soil in Taiwan. The resul-

tant culture supernatant enhanced Chinese cabbage

(Brassica chinensis [L.]) growth. Wang and others (2010)

attributed the plant growth enhancement to amino acids,

peptides, and N-acetyl chitooligosaccharides from the

hydrolysis of the squid pen powder by protease and

chitinase. Furthermore, chitopentaose has been shown to

promote growth of radish (Raphanus sativus [L.]) (Tsu-

gita and others 1993 cited in Ohta and others 2000 [in

Japanese]) and enhance the germination of wheat (Triti-

cum aestivum [L.]) and maize (Zea mays [L.]) (Guan and

others 2009).

Bacillus thuringiensis non-Bradyrhizobium endophytic

bacterium produces and excretes thuricin 17. Thuricin 17 is

a class IId bacteriocin with a broad range of antimicrobial

activity against closely related bacterial species (Gray and

others 2006). Class IId bacteriocins produced by Bacillus

strains are highly effective inducers of plant defense-rela-

ted enzymes phenylalanine ammonia lyase, guaiacol per-

oxidase, ascorbate peroxidase, superoxide dismutase, and

polyphenol oxidase (Jung and others 2011). Sequences for

the peptide were published by Lee and others (2009).

Peptides such as thuricin 17 could generate or amplify

messages, but can act as signals themselves within the

phloem (Giavalisco and others 2006). Previous work has

shown that thuricin 17 can enhance soybean (Glycine max

[L.] Merr.) and corn (Z. mays L.) growth (Lee and others

2009).

The broad objective of this work was to evaluate the

potential of LCOs and thuricin 17 as plant growth regula-

tors for use in the production of canola. The first specific

objective was to determine the parameters of seed germi-

nation, which were estimated from Gompertz functions and

generalized logistic functions for the cultivars of interest,

which were supplied with LCO, thuricin 17, and chito-

pentaose in solution. The second objective was to
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determine whether or not the interaction effects of cultivar-

by-temperature and signal-by-temperature had effects on

the function parameters, and indices derived from them.

The potential plant growth regulators evaluated here have

been shown to affect seed germination, but there was until

now little data regarding canola and no information

regarding potential effects on new, high oil content culti-

vars of B. napus; in light of Linder’s (1998) report, that the

modification of B. napus seed oil can induce dormancy and

inhibit germination, this requires investigation.

Materials and Methods

Plant Material

The germination assay was conducted with open pollinated

B. napus lines made using conventional crosses and pedi-

gree (Dr. P. McVetty, University of Manitoba) (Table 1).

The crosses that produced high erucic acid B. napus sister

cvs. 04C111 and 04C204 are presented in standard bree-

der’s notation, where ‘/’ represents one cross, and

increasing numbers of ‘/’ marks indicate previous crosses,

here: HiQ////Apollo///86LL141//Tatyoon/R83-14. The

crosses that produced sister cvs. 02C3 and 02C6 are also

presented in standard breeder’s notation, here: Polo///

86LL141//Tatyoon/R83-14. Brassica napus cv. Polo is a

conventional, double low, that is, low glucosinolate and

low erucic acid, spring cultivar. Brassica napus cv. Topas

(SWAB, Svalöv, Sweden) is a commercial-quality cultivar.

Topas was included initially in our experiments because of

its relatively low seed oil content.

Production of Lipo-chitooligosaccharide

Bradyrhizobium japonicum strain 532C was cultured in the

Yeast Extract Mannitol (YEM) medium (Mannitol 10 g,

K2HPO4 0.5 g, MgSO4 7�H2O 0.2 g, NaCl 0.1 g, yeast

extract 0.4 g, distilled water 1 L) under continuous shaking

on an orbital shaker (Model 5430 Table Top Orbital

Shaker; Forma Scientific Inc., Mariolta, OH, USA) at

150 rpm and 27 ± 2 �C. When the OD620 reached 0.4–0.5

(4–5 days), genistein (Sigma-Aldrich Canada Ltd., Oak-

ville, ON, Canada) was added to a final concentration of

5 9 10-6 M and the culture was incubated for an addi-

tional 48 h. The 2 L culture was extracted with 0.4 volume

of HPLC grade 1-butanol by shaking vigorously for

10–15 min and then allowing the material to stand over-

night. The organic fraction was then separated and com-

pletely dried under vacuum, in a rotary evaporator (Yamota

RE500; Yamato, San Francisco, CA, USA). The resulting

material was dissolved in 20 % aqueous acetonitrile (ACN)

and this constituted the LCO extract that was fractionated

by HPLC.

HPLC analysis (Waters, Milford, MA, USA) was con-

ducted with a Vydac C18 reverse-phase column (Vydac,

Hesperia, CA, USA; catalog # 218TP54) with a flow rate of

1.0 mL min-1 and a Vydac guard column at wavelength

214 nm. As a baseline, 18 % ACN (ACN/H2O; w/w) was

run through the system for at least 10 min prior to sample

injection. The sample was loaded and isocratic elution was

conducted with 18 % ACN for 45 min to remove all non-

polar light fractions. Thereafter, gradient elution was con-

ducted for 90 min with 18–82 % ACN. The LCO eluted at

84–86 min of HPLC run time. The chemical identity of the

LCO was confirmed by FAB-mass spectroscopy and

MALDI-TOF mass spectroscopy.

The collected LCO samples were lyophilized (Novaly-

phe Freeze Drying system, model SNL216 V, Savant Inc.,

Holbrook, USA) and stored at -20 �C until further use

(Souleimanov and others 2002a).

Production of Thuricin 17

Bacillus thuringiensis NEB17 was cultured in King’s

medium B (Proteose peptone no. 3 20 g, K2HPO4 0.66 g,

MgSO4 0.09 g, glycerol 0.06 mL, distilled water 1 L)

(Atlas 1995). The initial broth inoculum was taken from

plated material and grown in 250-mL flasks, containing

50 mL of the King’s B medium. The bacterium was cul-

tured at 28 ± 2 �C on an orbital shaker for 48 h, at

150 rpm. A subculture sample of 5 mL was added to 2 L of

broth, and cultures were grown in 4-L flasks under the

same conditions as the initial culture. Bacterial populations

were determined spectrophotometrically using an Ultro-

spec 4050 Pro UV/Visible Spectrophotometer (LKB,

Cambridge, UK) at 600 nm (Dashti and others 1997) 96 h

after culture initiation. A cell-free supernatant (CFS),

containing the BtNEB17 compound was prepared by cen-

trifuging the bacterial culture at 13,000 g for 10 min on a

Sorvall Biofuge Pico (Mandel Scientific, Guelph, ON,

Canada). The supernatant was collected and the bacterial

compound was detected via analytical-HPLC on a Vydac

Table 1 The seed oil content of the experimental cultivars (±2 %

d.w.)

Brassica napus cultivar Seed oil content (% d.w.)a

02C3 50.6

02C6 51.2

04C111 53.8

04C204 51.0

Polo 47.2

Topas 42.2

a University of Manitoba agronomic data
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C:18 reverse-phase column (0.46 9 25 cm; 5 lM L-1)

(catalog no. 218TP54). The HPLC was fitted with Waters

1525 Binary HPLC pump and a Waters 2487 Dual k
Absorbance detector set (Waters Corporation, Milford,

MA, USA) at 214 nm.

For partial purification of the bacterial compound, 2 L

of bacterial culture was phase partitioned against 0.8 L

butanol for 12 h. The upper butanol layer was collected by

rotary evaporation at 50 �C under vacuum. After evapo-

ration, the resulting light brown viscose extract was

resuspended in 25 mL of 18 % ACN. Prior to HPLC

analysis, samples were centrifuged on a Sorvall Biofuge

Pico (Mandel Scientific) at 13,000 g for 13 min, and the

supernatant was collected for chromatography. HPLC

analysis (Waters Corporation) was conducted on a Vydac

C:18 reversed-phase column as described above. Condi-

tions of the fractionation chromatography were as follows:

45 min at 18 % ACN, 45–110 min gradient elution with

18–60.4 % ACN, 110–115 min at 60.7–100 % ACN, and

115–120 min at 100–18 % ACN. The HPLC elutions were

collected at 1-min intervals (Bai and others 2002). Pre-

parative HPLC samples were separated into 120-min

fractions and were analyzed for peaks with retention times

between 80 and 82 min as this is when the peptide elutes.

The peptide elutes in approximately 60 % ACN. This

material is denoted purified bacterial peptide and samples

were lyophilized and stored at -20 �C.

Germination Conditions

Every experiment described below was repeated twice and

the data were pooled for analysis. To disinfest the seed

surface before treatment, seeds were soaked in 20 % bleach

(6 % sodium hypochlorite, NaOCl) and rinsed through

agitation in distilled water. We conducted our research in

three phases: in Phase 1, we established which treatment

and concentration enhanced B. napus cv. Polo germination;

in Phase 2, we tested the effect of the 10-6 M LCO solu-

tion on B. napus cvs. 04C204, Polo, and Topas, under

optimal and low temperature conditions; in Phase 3, we

tested a set of cultivars, under low, medium, and high

temperature conditions. For Phase 1 of the experiment,

growth cabinets were set to the Association of Official

Seed Analysts (1993) standard for B. napus germination:

16 h at 20 �C, 8 h at 30 �C, 95 % humidity, and zero

illumination. For Phase 2, growth cabinet conditions were

70 % humidity, zero illumination, and 24 h at 10 �C,

which is a recommended seed bed temperature for spring

seeding in Canada (Alberta Agriculture and Development

2012). For Phase 2, growth cabinets were also set to the

ideal germination temperature (25 �C) (Kucera and others

2005). For Phase 3, growth cabinets were set to low

(10 �C), mid-range (20 �C), and high (30 �C), 70 %

humidity, and zero illumination (Omidi and others 2010).

Under a laminar flow hood, using flame-sterilized tweezers,

twenty-five seeds were placed into each Petri dish. For

Phases 1 and 2, four Petri dishes replicated each treatment,

and 3 were used to replicate each treatment applied in

Phase 3. Treatment solutions were prepared under sterile

conditions, using polyestersulfone (PES) filtration (Jung

and others 2008). The threshold concentration for the plant

perception of microbial peptides and lipo-oligosaccharides

is approximately picomolar (Dusenbery 1992). Therefore,

for Phase 1 of this experiment, Petri dishes of 25 seeds each

were treated with 10 mL of 10-5, 10-6, or 10-9 M LCO

solution; 10-9, 10-10, 10-11, or 10-12 M thuricin 17

solution; 10-5, 10-6, or 10-9 M chitopentaose (Seikagaku

Kogyo Co. Ltd., Tokyo) solution; or distilled water. As

such, Phase 1 was structured following a partially crossed

design with repeated measures in time (Schielzeth and

Nakagawa 2013). For Phases 2 and 3, Petri dishes were

treated with 10 mL 10-6 M LCO solution, or 10-6 M

chitopentaose solution, or distilled water. Phase 3 included

10 mL 10-11 M thuricin 17 solution as a treatment

(Prithiviraj and others 2003). Phases 2 and 3 were factorial

design experiments, with an elicitor treatment with 3

levels in Phase 2 and 4 levels in Phase 3, a temperature

treatment with 2 levels in Phase 2 and 3 levels in Phase 3,

and a cultivar treatment with 3 levels in Phase 2 and 6

levels in Phase 3, and repeated measures in time. After

installation into growth cabinets, germination level was

assessed every 6 h.

Statistical Analysis

Germination data were analyzed with generalized linear

mixed models, using SAS PROC GLIMMIX (SAS 9.3,

Table 2 Bayesian information criteria (BICs) for selected covariance

structures

TYPE option Phase 1 Phase 2 Phase 3

Sp(exp)(GDD)a 5,368.40 6,550.48 19,774.88

Sp(powa)(GDD) 5,368.40 6,550.48 19,774.89

Ar(1) 5,351.20 6,550.48 19,774.80

Arh(1) 5,351.20 6,403.29 19,778.34

Un 5,368.39 6,410.42 19,776.00

Cs 5,351.20 6,550.48 19,774.89

Csh 5,351.20 6,403.29 19,778.34

Toep 5,368.40 b 19,774.80

Toeph 5,351.20 6,403.29 19,778.34

Ante(1) 5,368.40 6,410.42 19,778.34

a GDD indicates growing degree days
b QUANEW Optimization could not be completed. This indicated

that a simpler model would be more appropriate
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SAS Institute Inc., Cary, NC, USA). Binomial distribution

and the logit link function were specified. GDD was nested

within the experimental repetition. Growing degree days

were calculated based on this equation:

GDD ¼ Tmax þ Tminð Þ
2

� �
� Tbase Tbase ¼ 2:

A variety of covariance structures were assessed based

on the Bayesian information criteria (BICs) (Table 2). The

best covariance structures for the respective experimental

phases were selected. For Phase 1, autoregressive, AR(1),

and compound symmetric, CS, were equally suitable, based

on the BICs. The CS structure, which has constant variance

and constant covariance, arises naturally with nested ran-

dom effects. Therefore, the CS option was selected. The

compound symmetry structure with heterogeneous vari-

ances, CSH, was selected for Phase 2. A low BIC indicated

that the AR(1) structure was the most appropriate for the

Phase 3 data.

A series of functions for nonlinear regression were fitted

to the data using SAS PROC NLIN code by Sit and Poulin-

Costello (1994) (Table 3). Based on the low mean square

errors (Table 3), Phase 1 and Phase 3 data were described

well by the Gompertz equation:

E ¼ b0 � e �e �b1�b2�GDD½ �
� �

;

where GDD is growing degree days; E is cumulative ger-

mination; b0 is asymptotic maximum of E taken as the

maximum cumulative germination; b1 is empirical Gom-

pertz shape parameter; and b2 is the slope of the curve, the

Gompertz time constant.

Ei ¼
b0

e
;

is the germination accumulated by thermal time GDDi, at

the Gompertz inflection point (Piegorsch and Bailer 2005).

The differences between Gompertz parameters were asses-

sed based on 95 % confidence intervals computed by SAS

PROC NLIN. Phase 2 data were assessed using generalized

logistic functions. The treatment and concentration effects

were assessed with Type III Tests of Fixed Effects, and

differences between the levels were assessed with t-tests

with the LSMEANS statement, with Bonferroni’s adjust-

ment for multiple comparisons. Where the number of levels

was above 6, Scheffé’s single-step adjustment was used.

SAS PROC UNIVARIATE was used to assess the dis-

tribution of the parameters and derived indices. We used

SAS PROC MIXED to make comparisons when the nor-

mality condition was satisfied. When the parameters or

derived indices did not conform to the conventional sta-

tistical assumptions, nonparametric Kruskal–Wallis tests,

with adjustments for multiple comparisons, were used, that

is, Dunn’s tests (Elliot and Hynan 2010).

Only differences at the p B 0.05 level were considered

significant. For the early germination data from Phase 1,

SAS PROC UNIVARIATE was used to generate n values,

means (l), standard errors (se), but in other cases, back-

transformed, inverse-linked means were produced using

the ILINK option. When biologically interesting differ-

ences occur at p \ 0.1, these are reported and discussed.

Lower and upper limits of Confidence Intervals are indi-

cated by LL and UL, respectively.

Results

The LCO solution at a 10-6 M concentration increased the

early germination of our conventional canola cultivar,

Polo, under standard germination conditions (Fig. 1).

Table 3 Mean square errors for the comparison of nonlinear

regression functions fitting cumulative germination counts for the

three phases of the experiment

Model function Equation Mean square error

Phase 1 Phase 2 Phase 3

Exponential ABX 55.217 57.85 26.569

Generalized

logistic

A
ðDþ e B�CXð ÞÞ

5.2199 30.414 18.263

Logisitic A
ð1þ eðB�CXÞÞ

5.2199 30.414 18.263

Gompertz b0 � e½�e½�b1�b2�GDD� � 5.2091 30.987 18.14

Fig. 1 Gompertz curves E ¼ b0 � e �e �b1�b2�GDD½ �
� �� �

overlaying a

scatterplot showing the numbers of B. napus cv. Polo seeds

germinated. The 95 % Confidence Limits for Gompertz parameters,

calculated for seeds treated with a 10-6 M concentration of LCO

(broken dashed line, R2 = 0.94), did not overlap those of controls

(solid line, R2 = 0.97). The germination of seeds treated with a

10-6 M concentration of chitopentaose is shown by the dashed line

(R2 = 0.94)
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Considering the nonlinear regression on Polo germina-

tion in Phase 1, the Gompertz parameters for seed treated

with LCO were different from the control (p \ 0.05)

(Table 4). The concentration of the treatments had an

effect (p = 0.0436) on the maximum cumulative germi-

nation (b0), but after Scheffé’s adjustment for multiple

comparison, the superiority of the 10-6 M over the 10-9 M

concentration was only significant at the p \ 0.1 level

(p = 0.0951). The concentration of the treatments also had

an effect on the shape parameter (b1) (p = 0.0177). How-

ever, considering the experimental factors in the general-

ized linear mixed model, only the GDD had an effect

(p \ 0.0001).

Polo seed treated with 10-6 M LCO germinated earlier

than the controls, as indicated by the lower value of the

slope of its germination curve (b2) (Table 3). Lipo-chit-

ooligosaccharide concentration also had an effect

(p = 0.0029) on the slope: the 10-5, 10-6, and 10-11 M

levels initiated germination earlier than the control, which

resulted in lower slopes (p = 0.0813, 0.0144, and 0.0809,

respectively). The 10-9 M LCO treatments caused a later

initiation of germination, however, the seeds germinated

more uniformly and to a final level closer to 100 %,

compared to the 10-5 and 10-6 M levels, and therefore the

slopes of the germination curves differed (p = 0.0519 and

0.0064, respectively). In the 5–15 GDD early germination

period, 75 % more LCO-treated Polo seed germinated, of

25 seeds per Petri plate, compared to the water-treated

controls (nobs = 64; llM LCO = 4.9 seeds, se = 2.1;

llM chito = 2.8 seeds, se = 1.1; lH2O = 0.8 seeds, se =

0.4; unadjusted p = 0.0007).

Based on the inverse-linked means for the Phase 2 data,

Topas seeds treated with LCO exhibited 167 % more

germination than water-treated Polo (p \ 0.0001), and

242 % more germination than water-treated 04C204

(p \ 0.0001). The back-transformed least squares means

for the numbers of germinated seeds are shown in Table 5

and Fig. 2. The estimates for the parameters of the gen-

eralized logistic functions for Phase 2 data, and the sub-

sequently calculated horizontal asymptotes and inflection

points for the curves, are shown in Table 5.

The comparison of cultivars at the a = 0.05 level pro-

vided evidence of location differences for the function

parameters A, B, and C, and for the derived horizontal

asymptote and inflection point. With respect to the values

of A, which correspond to the heights of the generalized

logistic curves: Polo [ Topas [ 04C204; and LCO [ dis-

tilled water (Table 5). With respect to the values of B,

for which higher values indicate a deeper concavity for

the curve: 04C204 [ Topas [ Polo; and LCO [ chito-

pentaose [ distilled water. With respect to the values of C,

which corresponds to the steepness of the curve: 04C204 [
Topas [ Polo; and LCO = chitopentaose [ distilled

water. With respect to the horizontal asymptote as

X ? 1: Polo [ Topas [ 04C204; and LCO [ distilled

water. The generalized logistic function is symmetric about

the inflection point, where 04C204 [ Polo [ Topas; and

LCO = chitopentaose [ distilled water. The comparison

between the 2 temperature levels at the a = 0.05 level

provided evidence of significant location differences, for

the function parameters and indices derived from them.

For Phase 3, the single step Scheffé adjustment for

multiple comparisons does not require the Type 3 Test of

Fixed Effects to be assessed before referring to the t test,

but the contribution of the experimental factors and their

interactions may be assessed (Table 6). The inverse-linked

least squares means are shown in Figs. 4 and 5 and

Tables 7 and 9.

T-tests with Scheffé’s adjustment indicated that, at

continuous (for 24 h) 10 �C temperature conditions, sister

cultivars 02C3 and 02C6 had lower accumulated germi-

nation at Gompertz function inflection points (Ei) than the

other cultivars (p \ 0.1) and 04C111 had a higher Ei than

04C204, Polo, and Topas (p \ 0.05) (Fig. 3; Table 8). At

continuous 10 �C, 02C3 had more ungerminated and dead

seed, indicated by lower Ei values, than 04C111, 04C204,

Polo, and Topas (p \ 0.0001, p = 0.0061, p \ 0.0001,

and p = 0.0008, respectively); 02C6 had lower Ei values

than 04C111, 04C204, Polo, and Topas (p \ 0.0001,

p = 0.0627, p = 0.0004, and p = 0.0090, respectively);

and 04C111 had higher Ei values than 04C204, Polo, and

Topas (p = 0.0003, p = 0.0443, and p = 0.0022, respec-

tively) (Fig. 4; Table 8).

Consistently, at 10 �C, 02C3 had fewer seeds germi-

nated than 04C111, 04C204, and Polo (p \ 0.0001) and in

comparison to Topas (p = 0.0001). Similarly, 02C6 counts

were lower than 04C111, 04C204, and Polo (p \ 0.0001).

At 20 �C, 04C111 had more seeds germinated than 02C3,

02C6, 04C204, and Topas (p \ 0.001). 02C3 had fewer

seeds germinated than Polo (p \ 0.0001); and 02C6 had

Table 4 The Gompertz function parameters estimated from Phase 1

data using SAS PROC NLIN that describe the germination of Bras-

sica napus cv. Polo at AOSA (1993) standard conditions

Treatment Parameter Estimate 95 % Confidence Limits

lM LCO b0 22.5910 21.5780 to 23.6041

b1 -2.2275 -2.9314 to -1.5236

b2 0.1927 0.1412 to 0.2442

lM chitopentaose b0 22.7148 21.6932 to 23.7364

b1 -3.1808 -4.1934 to -2.1682

b2 0.2377 0.1694 to 0.3060

Distilled water b0 22.4722 21.8153 to 23.1292

b1 -5.8124 -7.4615 to -4.1632

b2 0.4107 0.3063 to 0.5152
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fewer seeds germinated than Polo (p = 0.0013). At 30 �C,

02C3 had fewer seeds germinated than 04C111, 04C204,

and Polo (p \ 0.0001), and in comparison to Topas

(p = 0.0015). Again similarly, at 30 �C, 02C6 counts were

lower than 04C111 (p = 0.0087), 04C204 (p = 0.0030),

Polo (p = 0.0046).

T-tests with Scheffé’s adjustment indicated that cultivar

04C111 had more radicle emergence and survival, indi-

cated by its higher Ei value, than 02C3 and 02C6 at con-

tinuous 20 �C, and Polo also had a higher Ei than 02C3 at

continuous 20 �C (Dunn’s test, a = 0.05) (Fig. 3;

Table 8). Higher Ei values for 04C111 and Polo at

continuous 20 �C indicated abundant radicle emergence

and survival for these cultivars (Fig. 3; Table 8).

T-tests with Scheffé’s adjustment indicated that, at

continuous 30 �C, 02C3 had a lower Ei than 04C111, 04C

204, Polo, and Topas (Table 3) (p \ 0.0001, p = 0.0270,

p = 0.0013, and p = 0.0134, respectively); 02C6 had a lower

Ei than 04C111, Polo, and Topas (p \ 0.0001, p = 0.0071,

and p = 0.0670, respectively); and 04C111 had a much

higher Ei, indicating more abundant radicle emergence

and survival, as compared to 04C204, Polo, and Topas

(p \ 0.0001, p = 0.0009, and p \ 0.0001, respectively)

(Fig. 3; Table 8).

Table 5 Cultivar-by-treatment least squares means for germinated seeds, counted from 25 seeds per plate, and approximate 95 % confidence

limits for the parametersa of generalized logistic functions estimated by SAS PROC NLIN

Cultivar Signal Mean ± SE Approximate 95 % Confidence Limits Horizontal

asymptote at

X ? 1

Inflection

point

(s = B/C)A B C

LL UL LL UL LL UL

04C204 Distilled water 0.2667 ± 0.02428Cb 33.3744 37.0814 4.6593 6.9479 0.2293 0.3715 17.6139 19.3173

LCO 0.2744 ± 0.02495C 31.0230 34.4866 5.3436 8.5598 0.2598 0.4515 16.3774 19.5478

Chitopentaose 0.2704 ± 0.02478C 32.4537 36.7239 5.2695 9.1104 0.2460 0.4689 17.2944 20.1139

Polo Distilled water 0.3867 ± 0.02958BC 41.3345 49.9914 2.9361 4.4804 0.1369 0.2499 22.8315 19.1714

LCO 0.3827 ± 0.03012BC 41.1940 49.9322 3.0639 4.7802 0.1402 0.2615 22.7816 19.5257

Chitopentaose 0.4185 ± 0.03099BC 41.3142 50.0446 3.0012 4.6963 0.1425 0.2662 22.8397 18.8348

Topas Distilled water 0.5037 ± 0.03166AB 40.2983 48.5206 2.9260 4.7732 0.1667 0.3215 22.2047 15.7715

LCO 0.6462 ± 0.03185A 42.3173 50.1126 3.1809 5.1313 0.1869 0.3479 23.1075 15.5435

Chitopentaose 0.5299 ± 0.03178AB 41.4639 48.8484 3.1919 5.0069 0.1829 0.3297 22.5781 15.9940

a The D parameter for the generalized logistic function was uniformly estimated to be 2.0
b Superscripts indicate difference at the p \ 0.005 level

Fig. 2 Inverse-linked least square means of germination counts, out

of 25 seeds per plate, for levels of the cultivar-by-treatment

interaction from Phase 2. The levels of treatment are indicated by

‘‘H2O’’—water; ‘‘LCO’’—10-6 M lipo-chitooligosaccharide; ‘‘chi-

to’’—10-6 M chitopentaose

Table 6 Type 3 tests of fixed effects for phase 3

Effect Num DF F Value Pr [ F

cv 5 47.96 \.0001

trt 3 1.64 0.1782

cv*trt 15 0.54 0.9207

dayT 2 624.89 \.0001

dayT*cv 10 11.68 \.0001

dayT*trt 6 0.74 0.6191

dayT*cv*trt 30 0.69 0.8943

GDD 1 10,809.1 \.0001

GDD*cv 5 78.18 \.0001

GDD*trt 3 0.99 0.3962

GDD*cv*trt 15 0.94 0.5159

GDD*dayT 2 678.09 \.0001

GDD*dayT*cv 10 3.22 0.0004

GDD*dayT*trt 6 1.58 0.1493

GDD*dayT*cv*trt 30 0.79 0.7783

cv Cultivar, trt treatment, dayT daytime temperature, GDD growing

degree day
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With respect to the cultivar-by-treatment interaction, the

highest germination mean (*10.0 seeds germinated) was

observed for 04C111 treated with thuricin 17 and the

lowest (*2.8 seeds germinated) was observed for 02C3

treated with LCO. The complete lists for the inverse-linked

least squares means for the levels of the cultivar-by-treat-

ment interaction are shown in Table 9 and Fig. 5.

Discussion

Under typical agricultural field conditions, early germina-

tion is an important factor that affects the yield of annual

varieties of canola (B. napus [L.]) in the northern temperate

areas such as western Canada. Owing to a very short

growing season, particularly in the prairie regions, B. napus

is usually seeded in the early spring. At that time, tem-

perature is below optimum for germination. Early spring

seeding is necessary for the crop to reach maturity without

experiencing reductions in yield due to summer heat stress.

However, cool spring conditions can delay germination and

emergence of spring sown B. napus by 1–2 weeks. Fur-

thermore, B. napus must be planted relatively deeply to

establish successfully under dry soil surface conditions

(Harker and others 2012). Owing to these and other factors,

only 50 % of planted B. napus seeds typically emerge

under agricultural conditions (Harker and others 2003).

Reduced germination rates can increase the susceptibility

of seedlings to soil borne pathogens, for example, phoma

stem canker (blackleg) (Leptosphaeria maculans), decrease

the vigor of young plants, delay maturity, and delay the

depletion of red light by the crop canopy, which would

otherwise inhibit weed seed germination (Silvertown 1980;

Médiène and others 2011).

Brassica napus seed is able to germinate after a drying

period or low temperature conditions, which is to say that

B. napus produces orthodox nondormant dry seed. Dry B.

napus seed requires only imbibition at a suitable temper-

ature, for example, 25 �C, for rapid germination (Kucera

and others 2005). Previous work has indicated that cool

(B10 �C) temperatures delay germination but neither

damages the seed, nor affects the rate of successful ger-

mination (Nykiforuk and Johnson-Flanagan 1999). Under

cold stress conditions, the rate of seed water uptake lags,

late embryogenesis-abundant (LEA) proteins are induced,

dehydrin gene expression can be induced in germinating

seed, and higher levels of nuclear-localized growth-

repressing proteins down-regulate growth (Yao and others

2005; Achard and others 2008). Cold-Binding Transcrip-

tion Factor/DREB1 (a cis-acting dehydration-responsive

element binding protein) transcriptional activators and

calmodulin binding transcription activators are crucial in

cold regulation of gene expression and subsequent freezing

tolerance (Savitch and others 2005; Doherty and others

2009). BN115, a gene related to an Abscisic Acid Insen-

sitive3/Viviparous1 (ABI3/VP1) from B. napus cv. Hu-

You15 and cold responsive genes that encode LEA-like

proteins in response to dehydration stress, such as

BnCOR25, have been reported in various B. napus cultivars

(Sangwan and others 2001; Chen and others 2011; Zhuang

and others 2011).

The challenges to B. napus germination are discussed

below; they include light, lack of moisture, salinity, seed

characteristics, soil compaction, and temperature condi-

tions (Shaykewich 1973; Farhoudi and others 2012).

Continuous white light inhibits B. napus germination

strongly under low temperature conditions and low water

volume; ergo the seeds were kept in darkness for these

experiments. Seed oil components can also challenge B.

napus germination, for example, transgenically modified

high-stearate B. napus has disadvantageous germination

characteristics, relative to untransformed controls (Linder

1998). The negative effect of seed oil modification reported

by Linder (1998) may be pertain to 04C204’s poor ger-

mination performance under continuous 25 �C conditions,

and this is discussed below. Although Timiriaziff (cited by

Coffman 1923) reported the germination of brassicaceous

seed in a block of ice, the optimum temperatures for B.

Table 7 Differences between least squares means for germinated

seeds counted out of 25 seeds per plate, for the levels of the culti-

var 9 temperature interaction

Cultivar Day temperature (�C) Mean ± SE

04C111 20 0.5729 ± 0.02227Aa

Polo 20 0.4453 ± 0.02192BA

Polo 10 0.3475 ± 0.02027BC

04C204 10 0.3465 ± 0.02004BC

04C111 10 0.3368 ± 0.02051BC

Topas 20 0.3071 ± 0.01903BC

04C204 20 0.2701 ± 0.0177DC

02C6 20 0.265 ± 0.01751DC

Topas 10 0.2474 ± 0.01691DCE

04C204 30 0.2207 ± 0.0162DCE

Polo 30 0.2184 ± 0.0162DCE

02C3 20 0.2171 ± 0.01548DCE

04C111 30 0.2164 ± 0.01667DCE

Topas 30 0.1575 ± 0.01311DFE

02C6 10 0.1434 ± 0.01153FE

02C3 10 0.117 ± 0.00994GF

02C6 30 0.1068 ± 0.009982GF

02C3 30 0.06734 ± 0.007182G

a Scheffé Grouping for day temperature 9 cultivar Least Squares

Means (a = 0.05). LS-means with the same letter are not significantly

different
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napus are in the range of 10–30 �C. Low temperature

conditions slow the rate of imbibition, damage B. napus

embryos by chilling injury, and prevent germination, which

lead to lower frequencies of radicle emergence and even to

death (Omidi and others 2010). Other work has shown that

the germination response of different cultivars to low

temperatures have marked non-linearities (Marshall and

Squire 1996). The seed of some B. napus cultivars remain

viable but do not germinate at low temperatures. There

Fig. 3 Accumulated

germination at Gompertz

function inflection points (Ei).

Bars indicate standard errors

Table 8 The mean germination accumulated near the midpoint of

germination (Ei ± standard error) for the experimental cultivars,

under controlled temperature conditions

Cultivar Temperature

10 �C 20 �C 30 �C

02C3 4.9 ± 0.2EFGHa 4.4 ± 0.2H 3 ± 0.2I

02C6 5.3 ± 0.2E 4.8 ± 0.2EFGH 3.3 ± 0.2I

04C111 8.2 ± 0.2A 7.6 ± 0.2B 7 ± 0.2BC

04C204 6.3 ± 0.2D 5.2 ± 0.2EF 4.4 ± 0.2GH

Polo 7.1 ± 0.2BC 6.3 ± 0.2D 5 ± 0.2EFG

Topas 6.7 ± 0.2CD 5.2 ± 0.2E 4.5 ± 0.2FGH

Superscripts indicate least significant difference (p \ 0.05) (Saxton

1998)

Fig. 4 Inverse-linked least squares means for germination counts, out

of 25 seeds per plate, for levels of the temperature-by-cultivar

interaction from Phase 3. The levels of cultivar are placed on the

horizontal axis
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have been links made between poor performance at cool

temperatures and the low glucosinolate character; the

enzymatic hydrolysis of glucosinolates results in a number

of products with the potential to inhibit germination

(Acharya and others 1983; Brown and Morra 1996).

These results agree with previous work that found that

LCO can play a significant role in seed germination

(Souleimanov and others 2002b). Work done by this group

has shown that LCO enhances the germination of Arabi-

dopsis, common bean (Phaseolus vulgaris [L.]), beet (Beta

vulgaris [L.]), cotton (Gossypium hirsutum [L.]), soybean

(G. max), rice (O. sativa), and corn (Z. mays) under labo-

ratory, greenhouse, and field conditions (Khan and others

2003; Prithviraj and others 2003). With respect to thuricin

17, Lee and others (2009) found that it can enhance soy-

bean and corn growth. In keeping with those previous

findings, Phase 1 showed that 10-6 M LCO treatment

encouraged the early germination of B. napus cv. Polo,

under standard temperature conditions, and Phase 2

showed that 10-6 M LCO treatment encouraged Topas

germination at 10 and 25 �C.

Whittington (1973) concluded that maternal genetic

factors strongly influenced germination rate in B. napus.

Thus, the differences we observed, where maternal differ-

ences were known between the cultivars, were not sur-

prising. However, 04C204’s relatively slow and incomplete

germination, compared to Polo and Topas (Fig. 2), is a

clear example of the unintended and problematic effects of

breeding for higher seed oil contents. 04C204’s sister

cultivar, 04C111, performed relatively well under all con-

ditions tested here. This difference, and the difference in

the responses of 02C3 and 02C6 to the respective signal

molecules, despite the fact that they were produced by the

same crosses of double haploid lines, may be deduced to be

the product of genomic change during their generations of

open pollination, or epigenetic changes. Changes to ger-

mination have been observed in other cultivars with altered

seed oil contents (Linder 1998). Similarly, under continu-

ous 20 �C temperature conditions, 04C111 germinated

212.1 % more, based on the inverse-linked germination

count means, as compared to its open pollinated sister

cultivar 04C204. This difference between the sister culti-

vars was detectable by their Ei values, that is, their accu-

mulated germination at their respective Gompertz function

inflection points, under continuous 30 �C temperature

conditions (Fig. 4).

Subramanian (2014) observed an increase in total

abscisic acid (ABA) content in Arabidopsis rosettes, 24 h

post-treatment with LCO, and other groups have found

increased B. napus germination due to ABA treatment, for

example, B. napus germinated more rapidly under low

Table 9 Inverse-linked least squares means for germinated seeds

counted, out of 25 seeds per plate, for levels of the cultivar 9 treat-

ment interaction

Cultivar Treatment Mean ± SE

02C3 H2O 0.1229 ± 0.01258GFa

02C3 LCO 0.1123 ± 0.01176DEFG

02C3 Thuricin 17 0.1175 ± 0.01222FG

02C3 Chitopentaose 0.1347 ± 0.01329EFG

02C6 H2O 0.1581 ± 0.01481CDEFG

02C6 LCO 0.1466 ± 0.01412DEFG

02C6 Thuricin 17 0.158 ± 0.01495CDEFG

02C6 Chitopentaose 0.1872 ± 0.01649BCDEFG

04C111 H2O 0.312 ± 0.02348ABC

04C111 LCO 0.3531 ± 0.02478AB

04C111 Thuricin 17 0.3997 ± 0.02568A

04C111 Chitopentaose 0.3955 ± 0.02583A

04C204 H2O 0.2815 ± 0.02117ABCD

04C204 LCO 0.2806 ± 0.02126ABCDE

04C204 Thuricin 17 0.2518 ± 0.01983ABCDEF

04C204 Chitopentaose 0.2919 ± 0.02158ABCD

Polo H2O 0.3536 ± 0.02403AB

Polo LCO 0.3032 ± 0.02224ABC

Polo Thuricin 17 0.3226 ± 0.02305AB

Polo Chitopentaose 0.3418 ± 0.02356AB

Topas H2O 0.216 ± 0.01828ABCDEFG

Topas LCO 0.2242 ± 0.01882ABCDEFG

Topas Thuricin 17 0.2474 ± 0.01991ABCDEF

Topas Chitopentaose 0.2386 ± 0.01943ABCDEFG

Scheffé grouping for cultivar 9 treatment least squares means

(a = 0.05). LS-means with the same letter are not significantly

different

Fig. 5 Inverse-linked least squares means for germination counts, out

of 25 seeds per plate, for levels of the cultivar-by-treatment

interaction from Phase 3. The levels of treatment are indicated by

‘‘H2O’’—water; ‘‘LCO’’—10-6 M lipo-chitooligosaccharide; ‘‘chi-

to’’—10-6 M chitopentaose
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temperature, saline, and water-stressed conditions when

pre-hydrated and re-dried, or when primed with ABA

(Zheng and others 1998; Gao and others 2002). The con-

stitutive expression of Pisum sativum ABA-responsive 17

cDNA (ABR17/PR 10.4) in B. napus enhanced germination

under cold as well as saline conditions (Dunfield and others

2007). Other groups have found that SA triggered defense

elements, such as pathogen response protein (PR10) and

thylakoid ascorbate peroxidase (tAPX), over expressed in

B. napus seed enhanced germination in saline media (Sri-

vastava and others 2004; Wang and others 2011). The

method of using LCO as a germination enhancing seed

treatment has already been patented (patent number

WO2000004778 A1); however, it has been not fully

investigated for canola.

Conclusions

The occurrence of potential microbe-to-plant signal-based

communication was verified in the experimental cultivars,

as the signal molecules elicited positive seed germination

responses. The effects of new potential plant growth reg-

ulators, which have been shown previously to affect the

germination of a variety of plants, were investigated using

B. napus seeds with high and low (that is, Topas) oil

concentrations, because oil quality has been shown to

affect B. napus germination (Linder 1998). In the 5–15

GDD range of the early germination period, 75 % more

Polo seeds germinated in 10-6 M LCO solution than in

distilled water (Fig. 3). Further experimentation with other

cultivars and other temperature conditions discerned a

particular effect on Topas, following treatment with LCO,

under abiotic stress (10 �C) and ideal (25 �C) growing

conditions. The effect of LCO was specific to AOSA

standard conditions, for the Polo cultivar, for which the

effect of the 10-9 M signal had a stronger effect on the

uniformity of germination than on the speed of germina-

tion. The effect of 10-6 M LCO was only discernable

under abiotic stress and ideal temperature conditions for

Topas.
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