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Abstract 

       Roses are one of the UKs most popular cut flower in terms of sales per 

stem. However, bent-neck or necking is a phenomenon often seen in cut roses, 

whereby the flower head droops due to a bending of the peduncle resulting in 

reduced vase life and postharvest loss. Necking is thought to be caused either 

by an air embolism or an accumulation of microorganisms at or within the stem 

end, blocking the xylem vessels and preventing water uptake. Although the 

association between bacteria and necking has been widely studied, little is known 

about the prevalence and impact of fungal species. Susceptibility to necking also 

varies between cultivars and it is unknown if there are any molecular mechanisms 

involved with this process. In this study, the number of bacterial and fungi present 

on cut Rosa hybrida stems has been analysed using petrifilm culture plates, and 

the species identified by 16S and ITS sequenced regions respectively. A 

transcriptome analysis of three stages of peduncle necking (Straight, <90° and 

>90°) in the necking susceptible Rosa hybrida cultivar H30 has also been carried 

out using next generation sequencing. Differential expression analysis with 

DESeq2 identified over 3,500 genes significantly expressed in full necking (>90°) 

compared to straight control peduncles (p adjust <0.05). Analysis of the 

differentially expressed genes has highlighted many processes and pathways 

associated with the necking, providing a greater understanding of this 

phenomenon as well as potential targets for further research.  



4 

 

Acknowledgements 

Firstly, I would like to thank my supervisors, Tony Stead and Hilary Rogers for 

their continued help and support throughout the project. Including an added thank 

you to Hilary for her hospitality while working in Cardiff and Bedford. Thank you 

to my advisor Paul Devlin and my industrial supervisors Keith Richardson, 

Rebecca Crompton and Jason Allen, for their knowledge and guidance. Also, to 

Tara Wheeler for her invaluable support with all things flower related. I would also 

like to thank BBSRC and Flamingo flowers for funding this project. 

I would like to acknowledge and thank Angela Marchbank for her work in 

completing the RNA sequencing and both Robert Andrews and Katherine Tansey 

for providing training on Unix script and use of the ARCCA (Cardiff University). I 

would also like to acknowledge the help of Anton Page and Catherine Griffiths at 

the Biomedical Imaging Unit (Southampton) for producing the sections of rose 

peduncles for light microscopy and for assisting with the scanning electron 

microscopy work. Also, thank you to Dudu tech for the use of their equipment and 

laboratory space during field work in Kenya. 

I am grateful for the support and advice provided by my fellow PhD students, 

Shaoli Das Gupta, George Skinner, Stacey Vincent, Francesca Baylis, Sebastien 

Lambertucci and post doc Emily Bailes. With a special thank you to Lauren 

Edwards, Kate Orman and Matthew Casey for taking me under their wing and for 

all the advice and encouragement since. And to Louise Montgomery, Giles 

Grange and Tara O’Neil, for their support during my final year.  

I would also like to extend my gratitude to members of the department who go 

above and beyond and have helped throughout my time as a PhD student, 

including Tracey Jeffreys, Michelle Jux, Lyn Samways and Pauline Baker. Also, 

to Heather MacDonald (UWE), who encouraged me to apply in the first place. 

Finally, I am extremely grateful for the support provided by my family and by Julie. 

Thank you for always welcoming me home and for all the rationale discussions, 

hot meals and general family madness. And to my partner Ethan, for being there 

through it all and for believing in me even when I didn’t.



5 

 

Table of contents 

 
Chapter 1 Introduction ................................................................................... 21 

1.1 General overview ................................................................................. 22 

1.2 Physiological aspects of necking ......................................................... 25 

1.2.1 Growth conditions .......................................................................... 25 

1.2.2 Post-harvest conditions ................................................................. 26 

1.2.3 Peduncle architecture .................................................................... 27 

1.3 Microbial load and the effect on cut rose vase life ............................... 30 

1.3.1 Bacteria and fungi ......................................................................... 30 

1.3.2 Extracellular polysaccharides and debris ...................................... 33 

1.3.3 Sources of microbial load .............................................................. 34 

1.3.4 Antimicrobial solutions ................................................................... 34 

1.4 Molecular mechanisms involved in the necking process?.................... 36 

1.5 Summary ............................................................................................. 36 

1.6 Aims ..................................................................................................... 36 

Chapter 2 General Methods ........................................................................... 38 

2.1 Flower material .................................................................................... 39 

2.1.1 Harvest and transport to UK .......................................................... 39 

2.1.2 Storage and handling .................................................................... 40 

2.2 Vase life conditions .............................................................................. 40 

2.2.1 Determination of vase life termination factors ............................... 40 

2.3 Enumeration of bacteria and fungi by dry medium culture plate method

 41 

2.3.1 Collection and preparation of sample material .............................. 41 

2.3.2 Aerobic and Yeast and Mould (YM) Petrifilm plating and incubation

 42 



6 

 

2.3.3 Analysis of Aerobic and YM Petrifilms ........................................... 42 

2.4 RNA extraction ..................................................................................... 44 

2.4.1 Extraction buffer ............................................................................ 44 

2.4.2 Protocol ......................................................................................... 44 

2.4.3 Quality control ............................................................................... 45 

2.5 Statistical analysis ............................................................................... 45 

Chapter 3 Physiological factors contributing to necking in cut Rosa hybrida . 47 

3.1 Introduction .......................................................................................... 48 

3.2 Methods ............................................................................................... 50 

3.2.1 Preliminary Rosa hybrida cultivar comparison of water uptake, 

termination factors and suitability for further study ..................................... 50 

3.2.2 Stem strength analysis of Rosa hybrida cultivars H30 and 

Fuchsiana .................................................................................................. 53 

3.2.3 Evaluation of the relative fresh weights of cut Rosa hybrida H30 

and Fuchsiana flower stems at defined stages of induced necking ........... 55 

3.2.4 Microscopy analysis of Rosa hybrida cv. H30 induced necking 

peduncles (Transverse sections) ............................................................... 56 

3.3 Results ................................................................................................. 58 

3.3.1 Comparison of Rosa hybrida cultivars Akito, Furiosa, Fuchsiana, 

H30, Top Sun and Tropical Amazon and suitability for further study ......... 58 

3.3.2 Stem strength analysis of Rosa hybrida cultivars H30 and 

Fuchsiana .................................................................................................. 63 

3.3.3 Relative fresh weights of flower stems at each necking stage for 

Rosa hybrida cultivars H30 and Fuchsiana................................................ 65 

3.3.4 Microscopy analysis of Rosa hybrida cv. H30 necking peduncles 67 

3.4 Discussion ........................................................................................... 70 

3.4.1 Preliminary comparison of Kenyan Rosa hybrida cultivars and their 

suitability for further study .......................................................................... 70 

3.4.2 Stem strength analysis of H30 and Fuchsiana .............................. 71 



7 

 

3.4.3 Relative fresh weights of Rosa hybrida flower stems at different 

stages of necking ....................................................................................... 72 

3.4.4 Microscopy analysis of Rosa hybrida cv. H30 necking peduncles 73 

3.5 Conclusions ......................................................................................... 73 

Chapter 4 Microbial audit of the Rosa hybrida supply chain and identification 

of stem end micro-organisms ............................................................................ 74 

4.1 Introduction .......................................................................................... 75 

4.2 Methods ............................................................................................... 77 

4.2.1 Fungal Petrifilm audit of the Kenyan supply chain ......................... 77 

4.2.2 Comparison of fungal colony counts on the stem ends of Rosa 

hybrida cultivars Fuchsiana and H30 on arrival in the UK ......................... 79 

4.2.3 Comparison of fungal and aerobic colony counts on the stem ends 

of Rosa hybrida cultivar H30 on arrival in the UK and after re-hydration ... 79 

4.2.4 Identification of fungi and bacteria by colony PCR ........................ 80 

4.2.5 Addition of three concentrations of the bacteria Pseudomonas 

fluorescens to the vase water of Rosa hybrida cultivars H30 and Fuchsiana

 83 

4.2.6 Addition of bacteria and fungi to the vase water of Rosa hybrida 

cultivars H30 and Fuchsiana ...................................................................... 84 

4.3 Results ................................................................................................. 86 

4.3.1 Fungal Petrifilm audit of the Kenyan supply chain ......................... 86 

4.3.2 Comparison of fungal colony counts on the stem ends of Rosa 

hybrida cultivars Fuchsiana and H30 on arrival in the UK ......................... 88 

4.3.3 Comparison of fungal and aerobic colony counts on the stem ends 

of Rosa hybrida cultivar H30 on arrival in the UK and after re-hydration ... 89 

4.3.4 Identification of fungi and bacteria by colony PCR ........................ 91 

4.3.5 Addition of three concentrations of Pseudomonas fluorescens to 

the vase water of H30 and Fuchsiana ....................................................... 95 



8 

 

4.3.6 Addition of bacterial and fungal species to the vase water of H30 

and Fuchsiana ........................................................................................... 97 

4.4 Discussion ........................................................................................... 99 

4.4.1 Fungal colony counts of the Kenyan supply chain ........................ 99 

4.4.2 Fungal colony counts on arrival in the UK for cv. H30 and 

Fuchsiana ................................................................................................ 100 

4.4.3 Fungal and aerobic colony counts on stem ends of cv. H30 on 

arrival and following rehydration .............................................................. 100 

4.4.4 Identification of fungi and bacteria by colony PCR ...................... 101 

4.4.5 Addition of microorganisms to vase water of cv. H30 and Fuchsiana

 104 

4.5 Conclusions ....................................................................................... 105 

Chapter 5 A transcriptome analysis of peduncle necking in cut Rosa hybrida 

cultivar ‘H30’ ................................................................................................... 106 

5.1 Introduction ........................................................................................ 107 

5.2 Methods ............................................................................................. 108 

5.2.1 Plant material .............................................................................. 108 

5.2.2 RNA extraction ............................................................................ 109 

5.2.3 Genomic DNA removal ................................................................ 110 

5.2.4 RNA sequencing ......................................................................... 111 

5.2.5 De novo transcriptome assembly ................................................ 111 

5.2.6 Alignment to the Rosa chinensis Old Blush reference genome ... 113 

5.3 Results ............................................................................................... 114 

5.3.1 Raw sequence data ..................................................................... 114 

5.3.2 De novo transcriptome assembly ................................................ 115 

5.3.3 Reference-based assembly ......................................................... 117 

5.4 Discussion ......................................................................................... 120 

5.5 Conclusions ....................................................................................... 123 



9 

 

Chapter 6 Differential gene expression and pathway analysis of Rosa hybrida 

cv. ‘H30’ at three peduncle necking stages ..................................................... 124 

6.1 Introduction ........................................................................................ 125 

6.2 Methods ............................................................................................. 128 

6.2.1 Rosa chinensis Old Blush genome guided transcriptome assembly

 128 

6.2.2 Differential expression analysis ................................................... 129 

6.2.3 Gene ontology analysis ............................................................... 129 

6.2.4 Parametric Analysis of Gene Set Enrichment (PAGE) and Singular 

Enrichment Analysis (SEA) ...................................................................... 129 

6.2.5 Analysis of differentially expressed transcription factors (TFs) .... 130 

6.2.6 Expression analysis of senescence associated genes ................ 130 

6.3 Results ............................................................................................... 130 

6.3.1 Differential gene expression and gene ontology overview .......... 130 

6.3.2 Enrichment analysis of >90 vs Str differentially expressed genes

 134 

6.3.3 Differential expression analysis of transcription factors (TFs) ..... 141 

6.3.4 Analysis of senescence associated genes .................................. 143 

6.4 Discussion ......................................................................................... 146 

6.4.1 Enrichment analysis (SEA and PAGE) ........................................ 146 

6.4.2 Analysis of differentially expressed transcription factors ............. 149 

6.4.3 Analysis of senescence associated genes .................................. 151 

6.5 Conclusions ....................................................................................... 152 

Chapter 7 Quantitative PCR of galactose metabolism and phenylpropanoid 

biosynthesis genes in Rosa hybrida cv. H30 necking peduncles .................... 154 

7.1 Introduction ........................................................................................ 155 

7.2 Methods ............................................................................................. 158 

7.2.1 Plant material for qPCR ............................................................... 158 



10 

 

7.2.2 RNA extraction and cDNA synthesis ........................................... 158 

7.2.3 Primer design .............................................................................. 159 

7.2.4 qPCR conditions.......................................................................... 162 

7.2.5 Primer efficiency and expression analysis ................................... 162 

7.2.6 RNA sequencing differential expression data .............................. 163 

7.3 Results ............................................................................................... 164 

7.3.1 Identification of a reference gene ................................................ 164 

7.3.2 Galactose metabolism ................................................................. 166 

7.3.3 Phenylpropanoid biosynthesis ..................................................... 170 

7.4 Discussion ......................................................................................... 174 

7.4.1 Galactose metabolism ................................................................. 175 

7.4.2 Phenylpropanoid biosynthesis ..................................................... 177 

7.5 Conclusions ....................................................................................... 179 

Chapter 8 Final discussion ........................................................................... 180 

8.1 Overview of objectives and main findings .......................................... 181 

8.2 Physiological factors of necking ......................................................... 183 

8.2.1 Peduncle strength ....................................................................... 183 

8.3 Microbial analysis .............................................................................. 185 

8.3.1 Prevalence of fungi in the supply chain ....................................... 185 

8.3.2 Bacterial and fungal species associated with Kenyan grown rose 

stems 186 

8.4 Molecular analysis of necking ............................................................ 188 

8.4.1 Water stress ................................................................................ 188 

8.4.2 Wounding .................................................................................... 189 

8.4.3 Tropism and epidermal patterning factor genes .......................... 189 

8.4.4 Senescence ................................................................................ 190 

8.4.5 Abscission ................................................................................... 190 



11 

 

8.5 Evaluation of methods ....................................................................... 191 

8.6 Conclusions ....................................................................................... 192 

Appendices ..................................................................................................... 217 

1.1 qPCR supplementary figures ............................................................. 217 

1.2 Statistical test output .......................................................................... 219 

1.2.1 Physiology Chapter statistical results .......................................... 219 

1.2.2 Microbial Chapter statistical results ............................................. 224 

1.2.3 Quantitative PCR Chapter statistical results ................................ 228 

 

  



12 

 

List of figures 

Figure 1. Contrast in typical flower form between a wild rose and a hybrid rose bred for ornamental 

purposes. A, Wild rose Rosa virginiana, five petals in a simple flower arrangement (Gardinia.net, 2020). 

B, Hybrid rose Rosa hybrida, double-flowered with numerous petals. ...................................................... 24 

Figure 2. Outline of the Kenyan supply chain, from harvest to consumer. Amount of time at each stage is 

the expected duration and may be longer depending on season and demand. ........................................ 26 

Figure 3. Rose peduncle anatomy. The floral peduncle (a,b) and transverse sections of the peduncle (c) 

and the stem under the last leaves (d). II, last leaves; scl., pericyclic sclerenchyma; p1, primary phloem; 

p2, secondary phloem; pcb, procambium; cb, cambium; x1, primary xylem; x2, secondary xylem. Figure 

adapted from André, (2003) ....................................................................................................................... 28 

Figure 4. Abscission zone (AZ) between stem (ST) and peduncle (PD). Figure reproduced from 

Chimonidou, (2003). ................................................................................................................................... 29 

Figure 5. Stages of R. hybrida flower opening and development. Adapted from Berkholst, (1980). ......... 29 

Figure 6. Image of Rosa hybrida cv. Fuchsiana greenhouse in Naivasha, Kenya ....................................... 39 

Figure 7. Terminating factors of vase life. a) Necking, >90˚; b) visible infection on > one whole petal; c) 

visible colour change, shown as blueing in example and d) petal wilting. ................................................. 41 

Figure 8. Petrifilm inoculation guide. (Adapted from the 3M Petrifilm interpretation guide, 2017) ......... 42 

Figure 9. Rosa hybrida cultivars. Images from www.rosaprima.com, www.flowerflow.com and 

www.flowerweb.com. ................................................................................................................................ 51 

Figure 10. Stem flex of Rosa hybrida peduncles. a) without weight, b) with weight, difference in angle 

between two images calculated with ImageJ. ........................................................................................... 54 

Figure 11. Stages of necking in cut Rosa hybrida flower stems.................................................................. 56 

Figure 12. Mean relative fresh weight following rehydration in each Rosa hybrida cultivar. Significance 

difference in RFW between cultivars was calculated using an ANOVA test with a Tukey post-hoc test for 

multiple comparisons of means. Cultivars with no significant difference in RFW are shown with the same 

letter (p <0.05). Bars represent standard error of the mean. RFW, relative fresh weight. n=24 ............... 60 

Figure 13. Average vase life of each Rosa hybrida cultivar. Significance difference in vase life between 

cultivars was calculated using an ANOVA test with a Tukey post-hoc test for multiple comparison of 

means. Cultivars with no significant difference in vase life are shown with the same letter (p <0.05). Bars 

represent standard error of the mean. n= 24 ............................................................................................. 60 

Figure 14. Comparison of the mean water balance of Rosa hybrida cultivars for the first 5 days of vase 

life. Data from terminated stems was not included from the point of termination. Bars represent 

standard error of the mean. ....................................................................................................................... 61 

Figure 15. Mean vase life for individually held roses. Significance difference in vase life between cultivars 

was calculated using a Wilcoxon signed rank test with Benjamini-Hochberg correction for multiple 

comparisons. Cultivars with no significant difference in vase life are shown with the same letter (p <0.05). 

Bars represent standard error of the mean. n=6 ........................................................................................ 61 



13 

 

Figure 16. Terminating factors of vase life for each Rosa hybrida cultivar. Colour change includes both 

blueing and browning of petals; DIT, damaged in transit. n=30 ................................................................ 62 

Figure 17. Comparison of cultivars at day 9 of vase life. Images are representative of the vase condition 

and termination factors seen at this time point. ........................................................................................ 62 

Figure 18. Degrees of stem flex for H30 and Fuchsiana with and without the flower head attached. 

Significance between cultivars was measured with an unpaired t-test, p<0.05. n= 15 ............................. 63 

Figure 19. Fresh weight of the flower heads of H30 and Fuchsiana cut Rosa hybrida flowers. No 

significant difference (ns) was found between the cultivars with an unpaired two-sample t-test (p <0.05), 

n= 15. FW, fresh weight. ............................................................................................................................ 64 

Figure 20. Water content of flower heads of H30 and Fuchsiana cut Rosa hybrida flowers. Significance 

between cultivars was calculated with an unpaired two-sample Wilcoxon test (p <0.05), n= 15. ............ 64 

Figure 21. Relative fresh weights of H30 and Fuchsiana flower stems at three necking stages (Straight, 

<90° and >90°). A, RFW separated by cultivar for each necking stage; B, combined relative fresh weights 

(RFW) of H30 and Fuchsiana for each necking stage. Statistical analysis was completed using a two-way 

ANOVA (un-balanced model), with a Tukey post-hoc test. ........................................................................ 66 

Figure 22. Average peduncle length and points of necking in H30. Distance was measured from the base 

of the flower head in mm; bars represent standard error. n= 11-15 as indicated. .................................... 67 

Figure 23. Transverse sections of Rosa hybrida cv. H30 peduncles at three necking stages. Straight (A), 

<90˚ (B) and >90˚ (C). D and E show the epidermis of straight and >90° peduncles respectively. Light 

microscopy stained with toluidine blue. VB, vascular bundles; X, xylem; P, phloem. Slides prepared and 

images taken by the Biomedical Imaging Unit (Southampton) with a dotSlide scanner at 40x 

magnification. ............................................................................................................................................ 68 

Figure 24. Electron microscopy images. Straight (A), >90˚ (B). Images were collected with a dwell time of 

45 µs (amount of time the beam will collect data at each pixel). 50x magnification. ............................... 69 

Figure 25. ITS1-F and ITS4 primer annealing sites on fungal rDNA ............................................................ 81 

Figure 26. Bacterial 16S rDNA primer annealing sites for primers 63f and 1492r ..................................... 82 

Figure 27. Fungal colony counts for each cultivar at different stages of the Kenyan supply chain. A, mid-

stem sections; B, stem end sections. Statistical difference between the stages was determined by a 

Kruskal-Wallis non-parametric test followed by a pairwise Wilcoxon test (p <0.05). Stages with the same 

letter are not significantly different. Cfu, colony forming units. (n= 3 – 9 stems of each cultivar dependent 

on stage, see Table 6) ................................................................................................................................. 87 

Figure 28. Fungal colony counts for mid-stem and stem-end sections Boxplot A, B and C represent fungal 

counts taken for stem sections at harvest, cold store and processing stages respectively. MS, mid stem; 

SE, stem end. Statistical difference between the YM colony counts on mid stem and stem end sections 

was calculated with paired Wilcoxon tests (p <0.05). Stem sections with the same letter are not 

significantly different. n=12 for harvest and cold store, n=6 for processing .............................................. 88 



14 

 

Figure 29. Fungal colony counts from Fuchsiana and H30 stem ends prior to rehydration. Boxplot A is 

data from January 2018 and boxplot B is data from January 2019. No significant difference (ns) was 

found with a non-parametric Wilcoxon test. n = 10 (2018); n= 18 (2019). ................................................ 89 

Figure 30. Bacterial and fungal colony counts of stem-end section at arrival to the UK and following 

rehydration. Paired boxplot A shows aerobic (bacterial) and YM (fungal) colony counts on arrival, and 

boxplot B shows counts following rehydration. Lines connect paired counts taken from the same stem 

end sections. Significant difference was calculated with a Wilcoxon matched-pairs test (p <0.05), with 

significance between groups shown by differing letters and no significance shown by an ‘ns’. n= 11. ..... 90 

Figure 31. Colony counts on the stem-ends of Rosa hybrida cv. H30 at arrival to the UK and following 

rehydration. Boxplot A shows aerobic (bacterial) colony counts and boxplot B shows YM (fungal) colony 

counts. Significant difference was calculated with a Wilcoxon matched pairs test (p <0.05), with 

significance between groups shown by differing letters. n= 11. ................................................................ 91 

Figure 32. Incidence of necking stages at day 4 of vase life for each P. fluorescens vase water 

concentration. A, Fuschiana; B, H30. Str, straight stems with no bending; <90°, bending of less than 90°; 

>90°, bending of equal to or more than 90°. Statistical difference between the vase water concentrations 

was determined by a Wilcoxon test with Benjamini-Hochberg correction for multiple comparisons (p 

<0.05). Concentrations with the same letter show no significant difference in the number of stems at 

each stage (Str, <90°, >90°). Cfu, colony forming units. n=10 stems .......................................................... 96 

Figure 33. Incidence of necking at day 3 for each microbial vase water addition. A, Fuchsiana; B, H30. 

Mould, Neocosmospora rubicola; Yeast, Papilotrema flavescens; Bacteria, Pseudomonas florescens. Str, 

Straight stems with no bending; <90°, stem bending of less than 90˚; >90° = stem bending equal to or 

more than 90°. Statistical difference between the vase water additions was determined by a Wilcoxon 

test with Benjamini-Hochberg correction for multiple comparisons (p <0.05). Vase water conditions with 

the same letter are not significantly different. Cfu, colony forming units. ................................................. 98 

Figure 34. Comparison of bacteria identified in this study compared to those identified previously by Put 

(1990)1, de Witte & van Doorn (1988)2 and van Doorn et al. (1991)3. ..................................................... 102 

Figure 35. Stages of necking sampled for RNA sequencing. For each of the three stages (Straight, <90˚, 

>90˚), 2 cm stem sections were cut ~1 cm below the flower head as indicated by the dashed white lines.

.................................................................................................................................................................. 109 

Figure 36. RNA extraction and sequencing of pooled samples. Diagram is representative of one replicate; 

this process was repeated three times to produce a total of 9 sequenced samples. ............................... 110 

Figure 37. Trinity assembly pipeline, showing the three consecutive modules: Inchworm, Chrysalis and 

Butterfly. Figure adapted from Haas et al., (2013). ................................................................................. 112 

Figure 38. Bioinformatics workflow for the Rosa chinensis genome guided alignment ........................... 114 

Figure 39. Mean sequence quality score of raw reads. The graph was produced using FastQC (Andrews, 

2014) for sample Str_2 read 1 and is representative of the dataset. ....................................................... 115 



15 

 

Figure 40. Number of overlapping homologous genes. Comparison of Blastx alignments against 

Arabidopsis thaliana (TAIR10), Fragaria vesca and Rosa chinensis. (%) percentage of total identified. E 

value cut off of 1e-5. The Venn diagram was produced using Venny 2.1.0 (Oliveros, 2015) .................... 116 

Figure 41. Base sequence quality scores pre and post trimming with TrimGalore!. Graphs were produced 

using FastQC (Andrews, 2014) and are shown for reads of ‘Str_2’ as a representative of the dataset. The 

blue line represents the mean quality of the reads, the yellow box represents the inter-quartile range (25-

75 %) and the upper and lower whiskers represent the 10 % and 90 % data points. The background 

colours divide the y-axis quality scores into very good (green), acceptable (orange) and poor (red) 

(Babraham Bioinformatics, 2019b). ......................................................................................................... 118 

Figure 42. Proportion of Arabidopsis thaliana TAIR10 proteins with homology to the Rosa chinensis 

genome (left-hand pie chart), and the sub proportion with homology to the genome alignment 

transcriptome (right-hand pie chart). Homology Blastp alignment to TAIR10 was carried out with an e-

value cut off of 1e-6 and is publicly available through the Genome Database for Rosaceae (GDR; Jung et 

al., 2014). ................................................................................................................................................. 120 

Figure 43. Transcription factor family assignments. DNA binding sites and auxiliary binding sites are 

shown by orange and blue boxes respectively. Forbidden domains shown in purple infer a lack of 

transcriptional activity of a transcription factor. Proteins containing a forbidden domain are excluded 

from family classification (red dashed line). Superfamilies are outlined in grey boxes. Figure from Jin et al. 

(2013). ...................................................................................................................................................... 127 

Figure 44. Overlapping differentially expressed genes between the three comparison groups of necking 

stages (p adjust. <0.05). The Venn diagram was produced using Venny 2.1.0 (Oliveros, 2015). ............. 132 

Figure 45. Biological process heatmap of overlapping differentially expressed genes (p adjust <0.05). Up 

(red) and down (blue) differential expression is shown for each comparison on a log2 fold change scale. 

Rosa chinensis identifiers are arranged in biological process clusters for genes with significant expression 

in at least two comparison groups. The heatmap was created using Morpheus with manual annotations 

(Morpheus, https://software.broadinstitute.org/morpheus ). ................................................................ 133 

Figure 46. PAGE analysis of significant biological processes for >90 vs Straight differentially expressed 

genes. AgriGO v2 (Tian et al., 2017) was used for analysis, with Arabidopsis TAIR10 identifiers and plant 

GO slim gene ontology. ............................................................................................................................ 135 

Figure 47. Starch and sucrose metabolism pathway with >90 vs Str differentially expressed genes. 

Pathway adapted from KEGG, annotated using Arabidopsis thaliana TAIR10 identifiers (ath00500; 

Kanehisa, 2017). Significantly up and down regulated genes expressed using a red and blue colour scale 

respectively. Green coloured rectangles represent Arabidopsis thaliana genes that are not significantly 

expressed in the dataset. ......................................................................................................................... 139 

Figure 48. Aquaporin genes with differential expression between necking stages >90 and straight (p 

adjust. <0.05) Aquaporin genes are labelled with Rosa chinensis descriptive IDs. .................................. 140 

Figure 49. Heatmaps of differentially expressed transcription factors. (A) condensed heatmap of all 

transcription factor families, showing median Log2 fold changes. (B) and (C) individual heatmaps for 

file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335127
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335127
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335127
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335128
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335128
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335128
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335128
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335128


16 

 

transcription factor families showing Log2 fold changes for each Rosa chinensis identifier. Up (red) and 

down (blue) log2 fold changes are shown for <90 and >90 in relation to straight (control) peduncles. For 

each datapoint, there is significant difference in expression for at least one comparison group (i.e. >90 vs 

Str or <90 vs Str). Heatmaps were generated using Morpheus with default and ‘collapse group’ settings 

(Morpheus, https://software.broadinstitute.org/morpheus). ................................................................. 142 

Figure 50. Protein connections of senescent related genes differentially expressed in >90 vs Str. Figure 

produced using STRING (Szklarczyk et al., 2018). ..................................................................................... 145 

Figure 51. Phenylpropanoid biosynthesis and chemical structures. The conversion of phenylalanine to p-

coumaryl CoA includes the first three steps of phenylpropanoid biosynthesis, known as the general 

phenylpropanoid pathway (GPP). These three steps produce the precursors for the five main 

phenylpropanoid groups: stilbenes, monolignols, coumarins, flavonoids and phenolic acids. Solid arrows 

represent single biosynthetic steps and dashed arrows indicate multiple biosynthetic steps. PAL, 

phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumaroyl CoA ligase. Figure from 

Deng & Lu, (2017). .................................................................................................................................... 156 

Figure 52. Gel electrophoresis image showing amplified PCR product for each of the target genes. ‘S’ 

indicates lanes containing PCR product run from the initial ‘pilot’ Straight sample cDNA (Str_0) and ‘C’ 

indicates lanes containing negative PCR controls, run with RNase free H20. Bands are shown in reference 

to hyperladder 50bp (Bioline) shown as lanes labelled ‘L’, with the corresponding number of base pairs 

(bp) for each main band detailed on the left-hand side of the gel image. ............................................... 164 

Figure 53. PCR product for the candidate reference genes at each of necking the stages. Lanes labelled 

Str_1, <90_1 and >90_1 refer to PCR product from each of the necking stages in biological replicate one, 

with Str_0 referring to a Straight necking stage sample used as an initial pilot. Bands are shown in 

reference to hyperladder 50bp (Bioline), with the corresponding number of base pairs (bp) for each main 

band detailed in between the two gel images. ........................................................................................ 165 

Figure 54. RNA seq. differentially expressed galactose metabolism genes. The green colour represents 

genes present within the Rosa chinensis genome, and the orange colour EC numbers represent 

significantly up-regulated genes in the >90 vs Str dataset, with a Log2 FC >0.5 and a p adjust value <0.05. 

Pathway adapted and annotated from KEGG (pathway: rcn00052; Kanehisa, 2017). ............................ 167 

Figure 55. RNA seq. differential expression bar charts for galactose metabolism genes. Rose peduncles at 

Straight, <90 and >90 necking stages were harvested during vase life of roses held in commercial flower 

food. Log2 FC values are shown relative to straight control peduncles, with significance calculated using 

DESeq2. Significant difference between <90 and straight, and >90 and straight is indicated above the 

relative bar. Significant difference between <90 and >90 is indicated between the two bars, where *** 

indicates significance to a p adjusted value of <0.001, ** to <0.01 and * to <0.05. ................................ 169 

Figure 56. qPCR relative expression boxplots for galactose metabolism genes. Rose peduncles at Straight, 

<90 and >90 necking stages were harvested during vase life of roses induced by treatment with 

Pseudomonas fluorescens. Pfaffle analysis is relative to GACPC2 expression using necking stage Straight 

as the control. Statistical analysis was calculated using a one-way ANOVA of Log2 FC vs Stage with a 



17 

 

Tukey post hoc test, where *** indicates significance difference in expression to a p value of <0.001, ** 

to <0.01, * to <0.05 and ‘ns’ indicates no significant difference. ............................................................. 170 

Figure 57. RNA seq. differentially expressed phenylpropanoid biosynthesis genes in the >90 vs Str 

dataset. The green colour represents genes present within the Rosa chinensis genome, the blue coloured 

EC numbers represents down-regulated genes with a <-0.5 Log2 FC and the orange EC numbers 

represent up-regulated genes with a >0.5 Log2 FC (p adjust. <0.05). *EC number 1.11.1.7 has nine 

associated down-regulated peroxidase genes, of which PRXPX has the highest mean count (other genes 

not shown). Pathway adapted and annotated from KEGG (pathway: rcn00940 ; Kanehisa, 2017). ....... 172 

Figure 58. RNA seq. differential expression bar charts for phenylpropanoid biosynthesis genes. Log2 FC 

values are shown relative to straight control peduncles, with significance calculated using DESeq2. 

Significant difference between <90 and straight, and >90 and straight is indicated above the relative bar. 

Significant difference between <90 and >90 is indicated between the two bars, where *** indicates 

significance to a p adjusted value of <0.001, ** to <0.01 and * to <0.05. ............................................... 173 

Figure 59. qPCR relative expression box plots for phenylpropanoid biosynthesis genes. Pfaffle analysis is 

relative to GACPC2 expression using necking stage Straight as the control. Statistical analysis was 

calculated using an one way ANOVA of Log2 FC vs Stage with a Tukey post hoc test, where *** indicates 

significance difference in expression to a p value of <0.001, ** to <0.01, * to <0.05 and ‘ns’ indicates no 

significant difference. ............................................................................................................................... 174 

Figure 60. Raffinose synthesis pathway. Orange boxes show the enzymes catalysing each reaction in the 

pathway. Figure adapted from Suarez et al., (1999) ................................................................................ 176 

Figure 61. Summary of factors associated with the occurrence of necking in cut R. hybrida flowers. 

Question marks indicate hypothesised connections which need to be experimentally determined. ....... 194 

  

file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335138
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335138
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335138
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335138
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335138
file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335138


18 

 

List of tables 

Table 1. Bacterial species identified from cut cv. ‘Sonia’ roses during vase life _____________________ 31 

Table 2. Fungal species identified from cut roses ____________________________________________ 32 

Table 3. Yeast and mould colony characteristics _____________________________________________ 43 

Table 4. Number of stems at each necking stage collected for RFW analysis ______________________ 56 

Table 5. Stages in the Kenyan supply chain _________________________________________________ 77 

Table 6. Collection periods of mid stem and stem end sections _________________________________ 78 

Table 7. Comparison of fungal counts for H30 and Fuchsiana stem sections ______________________ 86 

Table 8. Identified fungal species (yeasts) __________________________________________________ 92 

Table 9. Identified fungal species (filamentous fungi) ________________________________________ 93 

Table 10. Identified bacterial gram-negative rods ___________________________________________ 94 

Table 11. Identified bacteria gram-positive rods_____________________________________________ 95 

Table 12. Total number of paired-end reads in millions per sample ____________________________ 115 

Table 13. Number of unique accession codes following Blastx alignment ________________________ 117 

Table 14. Alignment statistics of reads to the Rosa chinensis genome __________________________ 119 

Table 15. Differential expression gene counts ______________________________________________ 131 

Table 16. Tropism related genes with significant differential expression in >90 when compared to straight 

(control) necking peduncles ____________________________________________________________ 136 

Table 17. Significantly up-regulated pathways between necking stages >90 and Str _______________ 137 

Table 18. Significantly down-regulated pathways between necking stages >90 and Str ____________ 137 

Table 19. Epidermal patterning factor and stomatal complex development genes ________________ 141 

Table 20. qPCR target genes ___________________________________________________________ 159 

Table 21. Primer sequences and product sizes _____________________________________________ 161 

Table 22. qPCR primer efficiencies and mean CT values ______________________________________ 166 

Table 23. Summary of the main objectives and findings of each experimental chapter _____________ 181 

Table 1 Eurofins output for each qPCR primer and blast top hit _______________________________ 218 

Table 25. Relative fresh weight (RFW) ~ Cultivar ANOVA with Tukey post hoc test ________________ 219 

Table 26. Vase life ~ Cultivar ANOVA with Tukey post hoc test (Bunch data) _____________________ 219 

Table 27. Water balance ~ Cultivar (Day 1) Kruskal-Wallis and Wilcoxon tests ___________________ 220 

Table 28. Water balance ~ Cultivar (Day 2) Kruskal-Wallis and Wilcoxon tests ___________________ 220 

Table 29. Water balance ~ Cultivar (Day 3) Kruskal-Wallis and Wilcoxon tests ___________________ 221 

Table 30. Water balance ~ Cultivar (Day 4) Kruskal-Wallis and Wilcoxon tests ___________________ 221 

Table 31. Water balance ~ Cultivar (Day 5) Kruskal-Wallis and Wilcoxon tests ___________________ 222 

Table 32. Vase life (days) ~ Cultivar Kruskal-Wallis and Wilcoxon test (Individual stems) ___________ 222 

Table 33. Results for ‘Stage’ from two-way unbalanced ANOVA with Tukey post-hoc test __________ 223 

Table 34. Results for ‘Cultivar*Stage’ from two-way unbalanced ANOVA with Tukey post-hoc test ___ 223 

Table 35. Mid stem fungal counts ~ Stage of supply chain Kruskal-Wallis and Wilcoxon test ________ 224 

Table 36. Stem end fungal counts ~ Stage of supply chain Kruskal-Wallis and Wilcoxon test ________ 224 

file:///E:/Thesis_final_corrected/Master_document2.docx%23_Toc49335166


19 

 

Table 37. Fungal counts Mid Stem vs Stem end (Cultivar data combined) paired Wilcoxon tests _____ 224 

Table 38. Summary of coefficients from the necking stage cumulative link model _________________ 225 

Table 39. Necking stage cumulative link model Analysis of Deviance (type II) test _________________ 225 

Table 40. Vase water condition ~ necking stage (Fuchsiana stems) Kruskal-Wallis and Wilcoxon test _ 225 

Table 41. Vase water condition ~ necking stage (H30 stems) Kruskal-Wallis and Wilcoxon test ______ 226 

Table 42. Summary of coefficients from the necking stage cumulative link model _________________ 226 

Table 43. Necking stage cumulative link model Analysis of Deviance (type II) test _________________ 226 

Table 44. Vase water condition ~ necking stage (Fuchsiana stems) Kruskal-Wallis and Wilcoxon test _ 227 

Table 45. Vase water condition ~ necking stage (H30 stems) Kruskal-Wallis and Wilcoxon test ______ 227 

Table 46. UGE5 relative expression ~ Necking stage ANOVA and Tukey post hoc test ______________ 228 

Table 47. SIP2 relative expression ~ Necking stage ANOVA and Tukey post hoc test _______________ 228 

Table 48. DIN10 relative expression ~ Necking stage ANOVA and Tukey post hoc test _____________ 228 

Table 49. ATBF1 relative expression ~ Necking stage ANOVA and Tukey post hoc test _____________ 228 

Table 50. PGM2 relative expression ~ Necking stage ANOVA and Tukey post hoc test _____________ 229 

Table 51. AGAL3 relative expression ~ Necking stage ANOVA and Tukey post hoc test _____________ 229 

Table 52. OMT1 relative expression ~ Necking stage ANOVA and Tukey post hoc test______________ 229 

Table 53. PRXPX relative expression ~ Necking stage ANOVA and Tukey post hoc test _____________ 229 

Table 54. CAD9 relative expression ~ Necking stage ANOVA and Tukey post hoc test ______________ 230 

Table 55. HCT relative expression ~ Necking stage ANOVA and Tukey post hoc test _______________ 230 

  



20 

 

List of Abbreviations 

ANOVA Analysis of variance 

BLAST Basic Local Alignment Search Tool 

cfu Colony forming units 

CTAB Cetyl Trimethyl Ammonium Bromide 

cv. Cultivar 

DRR DNase removal reagent 

DW Dry weight 

EDTA Ethylenediaminetetraacetic acid 

FAA Formaldehyde – Acetic acid - Alcohol 

FC Fold change 

FDR False discovery rate 

FW Fresh weight 

gDNA Genomic Deoxyribonucleic acid 

GO Gene ontology 

ITS Internal transcribed spacer region 

KEGG Kyoto Encyclopedia of Genes and Genomes 

LB Luria Bertani (Broth) 

LM Light microscopy 

ME Malt extract (Broth) 

MS Mid stem 

NCBI National Centre for Biotechnology Information 

PAGE Parametric analysis of gene set enrichment 

PVP Polyvinylpyrrolidone 

qPCR quantitative Polymerase chain reaction 

rDNA ribosomal deoxyribonucleic acid 

RFW Relative fresh weight 

RNA seq. Ribonucleic acid sequencing 

RO H2O Reverse osmosis H2O (water) 

rpm Revolutions per minute 

RT Room temperature 

SE Stem end 

SEA Singular enrichment analysis 

SEM Scanning electron microscopy 

Str Straight 

TBE Tris-Borate-EDTA 

TFs Transcription factors 

YM Yeast and mould (Petrifilm) 



21 

 

 

Chapter 1 Introduction  



22 

 

1.1 General overview 

Roses have been of significant cultural importance worldwide for centuries, with 

their first use as ornamental cut flowers dating back to early Roman, Greek and 

Persian civilisations. Their symbolism and popularity continues today with roses 

successfully topping the UK cut flower market in terms of sales per stem; out 

competing other UK favourites such as tulips, chrysanthemums, gerberas, lillies, 

freesias and alstromeria (Bendahmane et al., 2013; Hanks, 2015). Roses 

therefore represent a highly valuable product for the cut flower industry, with the 

UK fresh cut flower and indoor plant market currently estimated to be worth 

around £2.2 billion and cut flowers making up almost 78% of this total value 

(Flowers and Plants Association, 2015). However, despite being of great cultural 

importance worldwide and being consistently successful within the market, roses 

often die prematurely during their cut life (Bendahmane et al., 2013). This not 

only causes dissatisfaction for the consumer but is also a wider problem faced 

within the industry, resulting in both waste and monetary losses. 

Since energy prices have risen over the past decade, the production costs 

associated with heating and lighting greenhouses within the UK or the 

Netherlands are currently not as economically viable as they once were; unless 

energy saving initiatives have been implemented to save on cost (Williams, 

2007). Growth of roses for the cut flower market has therefore gradually moved 

overseas to equatorial countries such as Kenya, Tanzania, Ecuador and 

Columbia; where year-round production is possible due to naturally ambient 

conditions and where labour is abundant and less costly (Wilson, 2015). Despite 

the need for shipping and air freight to transport the cut roses to market, energy 

consumption and CO2 emissions are thought to be reduced with growth in 

equatorial countries. As Dutch greenhouse emissions have been estimated to be 

six times higher than that of Kenyan rose farms based on the production of 12,000 

cut rose stems, according to a report by Williams (2007). Kenya is currently the 

lead exporter of rose cut flowers to the European Union, with 70% of roses in the 

UK market supplied by Kenyan rose farms; with most Kenyan rose farms located 

around Lake Naivasha, at the foot of Mount Kenya where average annual air 

temperatures are 17.1 °C (Mumia, 2016; Wilson, 2015; Climate-Data.org, 2020). 
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Farms are also situated further up Mt. Kenya for higher altitudes, resulting in 

preferential growing conditions of roses with larger blooms and longer stems 

which may be sold at a premium price. Due to their abundance in the UK cut 

flower market, Kenyan grown roses are the focus of this study. 

Roses or Rosa species belong to the family Rosaceae, a major angiosperm 

family estimated to be composed of 2,500 species, including important crop 

plants such as apples, cherries, raspberries and strawberries. The genus Rosa 

itself is made up of around 100 species of woody plants, with alternate and 

pinnately compound leaves, oval leaflets with serrated margins and usually 

feature variously shaped prickles on their stems (Britannica Acadamic, 2015a, 

2015b). Primarily, roses are native to the temperate regions of the northern 

hemisphere and were first used as ornamentals. However, the modern day rose 

cultivars known as Rosa hybrida did not begin to exist until the 14th century when 

the native Chinese roses, including Rosa chinensis, the original cultivar for 

recurrent blooming, were brought across to Europe and extensively hybridised 

with the European and the Middle-Eastern roses (Bendahmane et al., 2013).  

Wild roses such as Rosa virginiana (Figure 1A) native to eastern North America 

typically feature five petals organised as regular polypetalous corollas, unlike the 

ornamental R.hybrida varieties which have been selected though hybridisation to 

become the more familiar double-flowered form with numerous petals (Figure 1B); 

some of which are stamens, mutated in favour of additional petals. This double-

flowered trait of the modern rose however means very few varieties are naturally 

pollinated by insects in the way the wild types are to produce a berry-like fruit 

known as a hip, due to the petals remaining too tightly whorled for insects to gain 

necessary access to the reproductive organs (Bendahmane et al., 2013; Dubois 

et al., 2010).  

 



24 

 

 

Figure 1. Contrast in typical flower form between a wild rose and a hybrid rose bred for 
ornamental purposes. A, Wild rose Rosa virginiana, five petals in a simple flower 
arrangement (Gardinia.net, 2020). B, Hybrid rose Rosa hybrida, double-flowered with 
numerous petals.  

 

Despite this apparent wide genetic origin, of the 200 species that existed, only 8-

20 species are likely to have contributed to the modern day R. hybrida cultivars; 

with the majority having strong genetic similarity to R. chinensis, due to 

backcrossing in the generation of new varieties (Bendahmane et al., 2013; Martin 

et al., 2001). Modern day varieties are selected for a number of reasons including 

appearance factors such as colour, bloom size, stem length and number of 

petals, as well as a number of economic factors including ease of growth, yield 

and recurrent blooming, disease resistance and vase life (Martin et al., 2001). 

The vase life of a cut flower refers to the amount of time (days) a flower remains 

of acceptable ornamental value after being placed in a vase (Fanourakis et al., 

2013). The end of vase life (termination) of a cut rose may occur due to several 

factors including visible infection (e.g. by botrytis cinerea), colour change of the 

petals, wilting or bending of the peduncle (van Meeteren et al., 2015). Of these 

symptoms, bending of the peduncle, referred to as ‘bent neck’ or ‘necking’ is the 

cause of interest within this study. As stems exhibiting water stress symptoms 

including necking and wilting are often the first to be deemed terminated, making 

it a primary cause of reduced vase life for cut roses (Robinson et al., 2007; de 

Witte & van Doorn, 1988; Woltering & Paillart, 2018).  

Necking of rose stems is thought to be a consequence of vascular occlusion 

(blockage), resulting in reduced water uptake in the stem (Bleeksma & van Doorn, 

2003; de Witte & van Doorn, 1988; van Doorn, 1997; Damunupola & Joyce, 
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2008). Vascular occlusions can be caused solely by air embolisms, introduced 

through cutting the stem, or also by microbial cells. Microbial occlusions are 

generally associated with bacteria, whereby an accumulation of bacterial colonies 

at the stem end or in the vase water cause a blockage of the xylem and result in 

an embolism within the stem. Reduced water uptake in the stem due to an air 

embolism or microbial occlusion disrupts the water relations within the stem, 

resulting in bending of the peduncle (Bleeksma & van Doorn, 2003; Damunupola 

& Joyce, 2008). 

Although the association between microbial contamination and necking is widely 

accepted, there is still considerable variation in occurrence between rose 

cultivars and in individual stems (Bleeksma & van Doorn, 2003). Current 

knowledge on the causes of reduced vase life and factors affecting the 

occurrence of necking in cut roses, including variances in rose physiology, 

microbial contamination, biocidal treatments and the potential role of molecular 

mechanisms will therefore be covered. 

 

1.2 Physiological aspects of necking 

1.2.1 Growth conditions 

Relative air humidity during growth has been found to effect the vase life of some 

rose cultivars; with the cultivar Pink Prophyta shown to have a reduced vase life 

of up to an 80 % when grown at a high relative air humidity of 95 %, in comparison 

to a moderate relative humidity of 60 % due to a low evaporative demand 

(Fanourakis et al., 2012). This reduction in vase life is thought to be due to 

stomata remaining more open when grown at high humidity compared to 

moderate humidity, resulting in a higher rate of transpiration and increased water 

loss. Therefore, making the cut flower much more susceptible to wilting and 

necking in the event of a vascular occlusion or reduced water uptake (Fanourakis 

et al., 2012). Increases in relative air humidity may occur during cold, wet (winter) 

seasons or potentially due to dense rose canopies (Fanourakis et al., 2015).  

Increased day length with supplemental lighting can increase duration of stomatal 

opening post-harvest, also leading to an increase in water loss and a shorter vase 

life of 4- 47 % depending on cultivar (Slootweg & van Meeteren, 1991; Mortensen 



26 

 

& Gislerød, 1999; Fanourakis et al., 2015). However, supplemental lighting 

practices are not known to be practiced on Kenyan rose farms, therefore day 

length is unlikely to be a contributing factor for Kenyan grown roses. 

1.2.2 Post-harvest conditions  

Roses are currently packed dry and leave Kenya via regular flights direct from 

Nairobi airport to various UK destinations. From here they are transported to 

storage warehouses to be sorted, bunched and rehydrated before being 

distributed out to stores where they may be purchased by consumers. The 

journey and time spent before the in store and consumer stage is of vital 

importance to ensure the best quality is supplied and guaranteed to the customer, 

as any days added on during transportation will result in fewer days of consumer 

enjoyment and satisfaction. However, the minimum amount of time between 

harvest in Kenya and purchase by the consumer is approximately 8 days (Figure 

2). Roses are then expected to last a further 7 days in order to meet vase life 

guarantees. Careful handling during this post-harvest phase can dramatically 

impact resulting vase life and the occurrence of necking. 

 

 

Figure 2. Outline of the Kenyan supply chain, from harvest to consumer. Amount of time 
at each stage is the expected duration and may be longer depending on season and 
demand.  

 

Dry storage of roses is necessary for air freight and has been shown to limit the 

amount of bacterial growth within the stems and increased vase life compared to 

wet storage (van Doorn & de Witte, 1991b). During storage, roses should 

optimally be kept below 5°C and as close to 0°C as possible to both reduce the 

rate of respiration of the flowering stems and the amount of microbial growth on 

and within the cut surface of the stem (van Doorn & de Witte, 1991b; Zagory, 

1999; Reid, 2001). Temperature fluctuations during air freight are therefore a 

major cause of reduced vase life, with boxes of roses often left out in the sun prior 

to being loaded onto the planes; increasing temperatures within the stack 
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(Zagory, 1999). Increased temperatures during dry transport can lead to 

increased losses in fresh weight and reduced stomatal function, both of which 

may lead to increased water stress and be detrimental to flower longevity 

(Cevallos & Reid, 2001). Although increased temperatures are detrimental to cut 

roses during dry storage, cut roses may also be negatively affected by long term 

cold storage. As some cultivars can similarly loose stomatal functionality following 

extended periods of cold storage (Woltering & Paillart, 2018). However, long term 

cold storage is often necessary surrounding peak seasons such as Valentines 

day and Mothers day in order for wholesalers to provide enough stock to meet 

increased demands. 

 ‘Pregnant’ boxes due to roses being packed too tightly for transportation and a 

lack of careful handling of flowers throughout the supply chain are both potential 

sources of physical damage to cut rose flowers (Staby, 2015). Mechanical stress 

can also be incurred by vibrations during transportation, with the amount of 

damage and reductions to vase life shown to be cultivar dependent (Pouri et al., 

2017). Cutting, de-leafing or physical processes postharvest that cause wounding 

can all result in air embolisms within the stem and therefore an increased 

occurrence of necking and water stress symptoms (van Doorn & Perik, 1990). 

Wounding can also increase the production and release of plant hormones such 

as ethylene and polyphenols which have a further negative impact on vase life 

(Woltering, 1987). The use of a blunt blades during the supply chain has been 

shown to reduce the life of fresh cut produce (Zagory, 1999). Regular blade 

changes or sharpening of blades used to cut rose stems can therefore reduce 

physical damage to cut roses and potentially increase vase life. However, 

practices such as thorn removal are still likely to be highly detrimental due to 

causing damage to the whole stem length rather than just the stem end. Wounded 

plant tissue often also leads to increased growth of opportunistic microorganisms 

which can also negatively impact vase life and occurrence of necking (Woltering, 

1987; Zagory, 1999). 

1.2.3 Peduncle architecture 

Peduncles are located between the receptacle and the upper most internode of 

an inflorescence stem (Andre, 2003). As shown in Figure 3 peduncles do not 
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contain secondary conductive tissue (secondary xylem or phloem), with 

secondary conductive tissue ending at the transition point between the stem and 

the peduncle, defined by an abscission zone (Figure 4). Primary xylem also 

change in morphology across the abscission zone, causing a point of reduced 

hydraulic conductance in inflorescence stems (Andre, 2003; Chimonidou, 2003). 

Reduced hydraulic conductance across the abscission zone is thought to induce 

cavitation in the peduncle, limiting water flow to the flower head in times of water 

stress in order to reduce water loss and maintain water supply to the main axis 

of the plant (Chimonidou, 2003; Darlington & Dixon, 1991). Due to a lack of 

secondary growth, the peduncle is also less lignified than the rest of the stem and 

is therefore a point of reduced strength (Parups & Voisy, 1976) 

 

Figure 3. Rose peduncle anatomy. The floral peduncle (a,b) and transverse sections of 
the peduncle (c) and the stem under the last leaves (d). II, last leaves; scl., pericyclic 
sclerenchyma; p1, primary phloem; p2, secondary phloem; pcb, procambium; cb, 
cambium; x1, primary xylem; x2, secondary xylem. Figure adapted from André, (2003) 
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Figure 4. Abscission zone (AZ) between stem (ST) and peduncle (PD). Figure 
reproduced from Chimonidou, (2003). 

 

Rose stems are harvested between stage one and two of bud development, 

depending on cultivar and retailer specifications (Figure 5). Flowers are cut at 

these stages to prevent petal damage during transport and are not cut at an 

earlier stage as this can result in improper flower development and a lack of 

opening post-harvest (van Doorn, 1997). However, peduncle development and 

strength coincide with flower bud development, therefore harvesting of stems at 

an earlier stage can also result in reduced strength and increased incidence of 

peduncle bending (Zieslin et al., 1989). 

 

 

Figure 5. Stages of R. hybrida flower opening and development. Adapted from 
Berkholst, (1980). 
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1.3 Microbial load and the effect on cut rose vase life 

1.3.1 Bacteria and fungi 

Bacterial contamination is currently thought to be the main source of vase water 

contamination and a major cause of reduced vase life amongst cut flowers; 

thought to affect not only roses but also Carnations, Delphinium, Alstromeria and 

Orchids to name a few (van Doorn et al., 1995; Song et al., 1995; Jowkar, 2015; 

Rahman et al., 2014). Arnold (1930) is thought to be one of the first to associate 

a reduction of water uptake in cut flowers with a potential bacterial blockage (van 

Doorn, 1997). Many studies since have determined the amount of contamination 

needed to cause such an effect, however recorded amounts range from 105 

colony forming units (cfu) mL-1 (Zagory & Reid, 1986; Laird et al., 2005) to usually 

between 107 cfu mL-1 and 108 cfu mL-1 (Put & Jansen, 1989; Clerkx et al., 1989; 

Bleeksma & van Doorn, 2003; van Doorn et al., 1986).  

Species of bacteria currently identified from the stem ends and vase water of cut 

roses include those listed in Table 1 (Put, 1990; de Witte & van Doorn, 1988; van 

Doorn et al., 1991a).  Bacilllus and Enterobacter species are thought to be the 

predominant bacteria on freshly harvested rose stems (Put & Jansen, 1989). 

However, Pseudomonas species are often found to soon become the most 

prevalent genera in vase water due to their high reproductive rate within the vase 

environment (Put & Jansen, 1989), with Pseudomonas populations accounting 

for 74% of the total bacterial population on day one, and increasing to 83% by 

day seven. In contrast, populations of Enterobacter species have been shown to 

decrease from 8% on day one to undetectable by day seven (van Doorn et al., 

1991a). Due to their prevalence, many papers have carried out studies using 

single Pseudomonas species and have monitored specific effects such as the 

occurrence of embolisms in the stems (Bleeksma & van Doorn, 2003; Robinson 

et al., 2007).  
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Table 1. Bacterial species identified from cut cv. ‘Sonia’ roses during vase life 

 

 

Although all fresh produce is covered in a characteristic mix of bacteria and fungi, 

only a few studies have focused on the prevalence and impact of fungi on cut 

roses compared to bacteria (Zagory, 1999). Yet, it has been found by Zagory and 

Reid (1986) that an unidentified yeast isolated from the vase water of a carnation 

had the greatest mean reduction in vase life of cv. ‘Cara Mia’ roses, compared to 

three Pseudomonas species. The unidentified yeast species was even found 

have a greater effect on vase life at 103 cfu ml-1 compared to a Pseudomonas 

species at 106 cfu ml-1.  
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Put (1990) and Muñoz et al. (2019) have both identified species of fungi from the 

vase water of cut rose flowers, however little cross over was found between the 

two studies (Table 2). This is likely due to one study having been conducted on 

roses grown in the Netherlands and one on roses grown in Colombia, with 

sampling taken following transport by sea freight. The difference in species found 

therefore highlights the need for a study specifically on the microflora associated 

with Kenyan grown roses, to further understand the factors associated with 

necking in Kenyan grown commercial varieties. 

 

Table 2. Fungal species identified from cut roses 
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Scanning electron microcopy studies have shown microbial growth to be primarily 

on the cut surface of the stem end and reduce water uptake by blocking the xylem 

vessel entrances (Put & Clerkx, 1988). Microbial cells have also been found to 

enter the vascular tissue and travel up the stem, however the number of microbial 

cells found greatly reduces with distance from the cut surface. Infiltration ability 

is dependent on the size and shape of the cells as well as the width and length 

of the xylem vessels, with distance thought to be restricted to the maximum length 

of any cut vessel (Put & van der Meyden 1988).  

 

1.3.2 Extracellular polysaccharides and debris 

Heat-inactivated bacterial cells have been shown to evidently reduce vase life but 

with a lesser effect than viable cells, suggesting that the size and shape of the 

microbial cells and vascular plugging is not the sole cause of decreased water 

conductivity in the stem segments of the roses (Put & Jansen, 1989). Many 

bacterial species are also known to produce a ‘slime’ made up of extracellular 

polysaccharides; these are thought to aid with the adhesion of bacteria to xylem 

vessels, seen as a layer of amorphous material, but may also be secreted into 

the surrounding medium and reduce conductance (Van Doorn et al, 1990). Put 

and Rombouts (1989) found that the addition of these microbial polysaccharides 

above a molecular weight of 10 000 into the vase water resulted in the total 

blockage of the xylem vessels causing necking to occur within 24 hrs. Low 

hydraulic conductance in cut rose stems has also been induced by the addition 

(1-10 g per litre) of protein (ovalbumin) with a size of 50 kD. Addition of any 

globular molecule over 50 kD was therefore hypothesized to potentially cause 

blockages in the pores of vessel walls and therefore may result in necking (van 

Doorn, 1989). Lysed particles of bacterial cells have also been shown to reduce 

hydraulic conductance to a greater extent than non-lysed bacteria (van Doorn & 

de Witte, 1991a). Thus, the effects are thought to be physical rather than due to 

a biological interaction between bacterium and plant. 
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1.3.3 Sources of microbial load 

The bacterial and fungal species identified in Table 1 and Table 2 may be naturally 

prevalent on the rose stems themselves, or introduced onto the stem or into the 

vase water environment from other sources throughout the supply chain such as 

cutting or de-leafing equipment, holding containers (i.e. bucket or vase), tap 

water, other cut flowers or from human contact (Florack et al., 1996; van Doorn 

& de Witte, 1997). In order to reduce the occurrence of necking, care should 

therefore be taken throughout the supply chain to minimise the microbial load 

associated with the cut flower. As indicated previously, poor temperature 

management and increased wounding can also both lead to increased microbial 

growth on the stem (Cevallos & Reid, 2001; Woltering 1987). 

 

1.3.4 Antimicrobial solutions  

The main flower food companies currently operating in the European market 

include Chrysal, Floralife and Vaselife. Each of these companies have a range of 

products specific for each of the stages throughout the supply chain, from grower 

to consumer in order to control microbial growth and increase cut flower longevity. 

Hydration solutions primarily used following harvest or after periods of dry storage 

(i.e. following long distance transportation), would normally contain a biocide, a 

buffer to adjust (lower) pH and a wetting agent (surfactant) to increase water 

uptake and hydrate the cut flower more effectively. Flower foods on the other 

hand also have the addition of a sugar to maintain and replenish the carbohydrate 

content of the cut flower for increased vase life (Nell et al., 2006). Flower foods 

composition varies depending on the supply chain stage. Low-dose flower foods 

called holding solutions are added to holding containers (buckets) at the end of 

cut flower production lines for transport and use within supermarkets. Whereas 

full-dose flower foods are supplied to consumers in the form of the flower food 

sachets, usually attached to bunches for home use within the vase water (Nell et 

al., 2006). 

Silver nitrate, silver thiosulphate, aluminium sulphate and hydroxyquinoline have 

all been used commercially in preservative formulations due to their antimicrobial 

activity (Thwala et al., 2013; van Doorn et al., 1990a; van Doorn, 1997). However, 
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many of these treatments may be persistent and hazardous to the environment 

due to their heavy metal content (Damunupola & Joyce, 2008). More 

environmentally friendly options include citric acid as an acidifier and sodium 

hypochlorite as a chlorinating agent (Jowkar, 2015). Chemical alternatives such 

as antibacterial peptides have also been studied, including peptides cecropin B, 

hordothionin and tachyplesin I. These have all shown promising results in 

reducing bacterial counts in rose vase life trials, with Tachyplesin I shown to be 

highly toxic to a range of bacteria and Cecropin B and hordothionin both found to 

inhibit the growth of bacteria, with an additive antibacterial effect when applied 

together (Florack et al., 1996). The antimicrobial properties of essential oils are 

also well known and extracts from Mentha pulegium, Jatropha curcas, Psidium 

guajava and Andrographis paniculata have been tested as potential vase water 

biocides with some promising results (Hashemabadi et al., 2014; Rahman et al., 

2014). An essential oil biocidal product derived from species in the Lamiaceae 

(mint) family including thyme is also currently in the patenting process and has 

been shown to reduce botrytis cinerea infection in cut roses. If approved this 

product may also have potential applications in reducing the microbial load on 

flower stems prior to and during vase life (Gianfagna et al., 2015). 

Although it can be hypothesised that a decrease in microbial load will reduce the 

occurrence of necking, this is often not stated and studies such as Florack et al. 

(1996) and van Doorn and Perik (1990) do not conclude if the biocide being 

studied effectively increases vase life as well as reducing contamination. This is 

important as often if the biocide is potent enough to have an effect on the 

microorganisms present, may also have a phytotoxic effect on the living cut 

flower; therefore even if all contamination is eliminated from the vase water, the 

vase life may not be extended due to other symptoms of senescence 

(Damunupola & Joyce, 2008). For example, a low pH of 3.0 can reduce bacterial 

replication and growth and may also inhibit the enzymes involved in the 

deposition of lignin and suberin at the cut surface that are thought to cause 

reduced hydraulic conductance (van Doorn & Perik, 1990). However, a low pH 

will also likely inhibit other cellular processes and can cause a discolouration of 

the petals and a lack of floral development due to a change in vacuolar pH, 

therefore resulting in an overall reduced vase life (Bendahmane et al., 2013). 
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1.4 Molecular mechanisms involved in the necking process? 

Although necking is generally associated with a reduced water uptake, it is 

unknown if any molecular mechanisms are involved with the necking process. 

RNA sequencing provides a snapshot view of the presence and quantity of RNA 

within a sample and can be used to analyse differences in gene expression. As 

necking is thought to be water stress related, genes associated with water stress 

may be up-regulated within the peduncle during necking. Stress responses such 

as water stress can also induce senescence, therefore it may be hypothesised 

that senescence related gene may also be found within the peduncle. 

 

1.5 Summary 

Despite the use of biocides to reduce microbial load, necking continues to occur 

post-harvest and cause significant post-harvest losses for industry. For industry 

relevant data, more needs to be known about roses produced in the Kenya as so 

far most studies have been conducted in the Netherlands, on roses grown in the 

Netherlands. Little is therefore known about the microbial load associated with 

roses produced through the Kenya supply chain or the necking susceptibility of 

Kenyan grown cultivars.  

Although much research has focused on the microbial and physiological aspects 

of necking, it still also remains unclear if there are any molecular processes 

associated with the phenomenon. 

 

1.6 Aims 

1) To identify potential differences in susceptibility to peduncle necking in 

Kenyan grown Rosa hybrida cultivars. 

2) To study the possible physiological factors contributing to the necking 

phenomenon in Kenyan grown cut Rosa hybrida stems. 

3) To determine the prevalence of fungi on Rosa hybrida stems throughout 

the cut flower supply chain and their potential role in the vase water 

environment.  
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4) To explore the potential molecular mechanisms underlying necking in 

Rosa hybrida stems through the use of next generation sequencing. 
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Chapter 2 General Methods 

  



39 

 

 

2.1 Flower material 

All Rosa hybrida stems used in this project were provided by Flamingo Flower 

Ltd. Stems were grown at an altitude of 2000 m on commercial flower farms in 

Naivasha, 47 miles North West of Nairobi (Kenya) with an average annual air 

temperature of 17 °C + 1.4 °C dependent on month due to the equatorial location 

(Climate-Data.org, 2020). Roses were grown under polythene greenhouses, in 

raised beds for controlled watering and fertilisation (Figure 6). 

 

Figure 6. Image of Rosa hybrida cv. Fuchsiana greenhouse in Naivasha, Kenya 

 

2.1.1 Harvest and transport to UK 

Harvested stems were bunched and packed on site and transported dry via 

refrigerated lorry to Nairobi International Airport for air freight transport to the UK. 

Stems were then collected from the Flamingo Flowers warehouse in Sandy and 

transported dry to RHUL. 
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2.1.2 Storage and handling 

Upon arrival at RHUL, all stems were cut using a razor blade, removing the 

bottom 2 cm and placed in buckets containing 2 litres of tap water. Buckets were 

sprayed with Distel disinfectant (1:10), rinsed and then washed with washing up 

liquid prior to use. Any foliage showing obvious damage or sitting below the water 

line was removed. Bunches were separated into buckets by cultivar and kept in 

the dark at 5˚C overnight to re-hydrate.  After re-hydration, stems were re-cut 

using a razor blade to 47 cm in length and any foliage on the lower 20 cm of each 

stem was removed. Razor blades were wiped clean with Distel disinfectant (1:10) 

between stems to prevent microbial contamination.  

 

2.2 Vase life conditions 

Vase conditions varied depending on experiment, with stems either being placed 

in 1 litre of tap water in clear glass vases as bunches (10 stems) or individually in 

100ml of tap water in clear glass milk bottles. In addition to tap water, commercial 

rose flower food (Chrysal) at the manufacturers recommended concentration or 

a 2% sucrose solution (w/v) were used for vase water conditions, both made up 

just prior to use with tap water. A 2% sucrose solution was used for 

experimentation due to being in-line with the final concentration of flower food 

solutions, minus the biocidal chemicals and other variable additives dependent 

on brand and product (personal communication, Tony Stead). Stems were kept 

at a constant temperature of 21 ˚C for the duration of vase life, with a 12 hr light 

cycle of 15-20 µmol m-2 sec-1 from cool white fluorescent tubes. Vases were 

arranged on benches in a completely randomised design and re-ordered every 

few days to reduce the effect of placement within the vase life room. 

2.2.1 Determination of vase life termination factors 

Vase-life was determined as the time from being placed in the vase until a 

termination factor was reached. Termination factors included: bending of the 

peduncle, petal abscission, visible infection, visible colour change (blueing or 

browning) and wilting. A visual guide to the terminating factors is shown below 

(Figure 7). 
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Figure 7. Terminating factors of vase life. a) Necking, >90˚; b) visible infection on > one 
whole petal; c) visible colour change, shown as blueing in example and d) petal wilting. 

 

2.3 Enumeration of bacteria and fungi by dry medium culture plate 

method 

Dry medium culture plates are a compact and convenient plating method for 

counting microorganisms compared to conventional agar plates. They consist of 

nutrients and a cold-water-soluble gelling agent which forms a gel plate with the 

addition of a water sample. The 3M Petrifilm dry medium plates were used, as 

they contain an additional activity indicator dye for improved counting, and due to 

their efficiency and ease of use by industry (T. Wheeler, Flamingo Horticulture 

pers com., 2016). Enumeration via Petrifilm plates are an accepted alternative to 

standard agar plating methods and have been shown to be as sensitive when 

compared (Nero et al., 2006; Kudaka et al., 2010) and have so far been awarded 

the Official Methods of Analysis (OMA) for food (#997.02). 

2.3.1 Collection and preparation of sample material 

Water and stem samples were collected in sterile 15 ml Falcon tubes. Water 

samples (2 ml) were collected using a 1000 µl pipette and sterile pipette tips and 
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2 cm stem samples were cut using a Distel (1:10) disinfected razor blade. The 

stem samples were immersed in 4 ml of autoclaved physiological saline (0.85 % 

NaCl), adjusted to pH 7.4 with HCl or NaOH. Tubes were then pulse vortexed for 

10 seconds, mixed via inversion and left to incubate for 15 minutes at RT. 

Samples collected from different methods were either used neat or diluted using 

autoclaved physiological saline, pH 7.4 through a 1/10 serial dilution series 

(dilution dependent on sample type). 

2.3.2 Aerobic and Yeast and Mould (YM) Petrifilm plating and incubation 

The Petrifilm aerobic count plates (3M) and the Petrifilm yeast and mould (YM) 

count plates (3M) were prepared following the manufacturer’s guidelines. The 

sample (1000 µl) was transferred to the centre of the bottom film, covered with 

the top film and then evenly spread using the provided plate spreader (Figure 8). 

Aerobic plates were incubated at 25 °C for 2-3 days and the YM plates were 

incubated at 21 °C for 5 days. All plates were left to firm for 5 minutes after 

preparation, before being placed into stacks of no more than 15 for incubation.  

 

 

Figure 8. Petrifilm inoculation guide. (Adapted from the 3M Petrifilm interpretation guide, 
2017) 

 

2.3.3 Analysis of Aerobic and YM Petrifilms 

The aerobic Petrifilms contain a red tetrazolium indicator to facilitate 

enumeration, and all red colonies were counted regardless of size and intensity 

as described in the manufacturer’s instructions and interpretation guide. For 
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colony counts exceeding 300, two representative squares (1 cm2) of the 20 cm2 

growth area were counted, averaged and multiplied by 20 to provide an estimated 

plate count. Plates were deemed too numerous to count (TNTC) when the whole 

growth area appeared red or pink in colour or a red ring of small colonies could 

be seen around the perimeter of the growth area, indicating a higher dilution was 

needed.  A few species of bacteria can re-liquefy the gelling agent in the plates, 

if this occurred, an estimated count was taken using unaffected squares when 

possible. 

YM Petrifilms contain a blue phosphatase indicator dye to aid counting, and 

antibiotics to prevent the growth of bacterial colonies. Colony counts for YM 

Petrifilms were determined using the manufacturer’s interpretation guide, with 

yeast and mould differentiated using the characteristic guide (Table 3).  

 

Table 3. Yeast and mould colony characteristics 

Yeast Mould 

Small colonies Large colonies 

Colonies have defined edges Colonies have diffuse edges 

Pink-tan to blue-green in colour Variable colour 

Colonies appear raised Colonies appear flat 

Colonies have uniform colour Colonies have a dark centre 

(Table adapted from the 3M Petrifilm Product Instructions for Yeast and Mold Count 

Plate, issue date 09-2015) 

 

Plates were observed at day 3 and day 5 to prevent mis-interpretation due to fast 

growing colonies. For counts exceeding 150, two 1 cm squares of the 30 cm2 

growth area were counted, averaged and multiplied by 30 to provide an estimated 

plate count. YM Petrifilms were deemed TNTC when the whole growth area 

appeared blue-green in colour or when an accurate count could not be achieved.  
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Both the aerobic and YM Petrifilm counts were carried out using a Wild Heerbrugg 

M8 (Switzerland) observation microscope with 1x or 2.6x magnification, and a 

Schott KL 1500-T (Germany) fibre optic gooseneck external light source. 

 

2.4 RNA extraction 

High quality RNA is necessary for successful use in sensitive downstream 

processes such as reverse transcription polymerase chain reaction (RT-PCR) 

and RNA sequencing (RNA-seq). Rosa hybrida however, are recalcitrant woody 

plants, therefore the isolation of pure RNA is made more difficult due to high 

amounts of polyphenols and polysaccharides; which are known to bind to and co-

precipitate with the RNA, causing large amounts of contamination in the final 

extracts (Moazzam Jazi et al., 2015; Dash, 2013). Quick, silicon column-based 

methods are preferable due to their efficiency, however they provided inadequate 

quantity and quality RNA from rose tissue. A protocol based on the extraction 

method devised by Moazzam Jazi et al. (2015) was therefore used, with a buffer 

modified from Chang et al. (1993). 

2.4.1 Extraction buffer 

The RNA extraction buffer composed of 100 mM Tris-HCl (pH 8.0), 25 mM EDTA 

(pH 8.0), 2 M NaCl, 2 % CTAB (w/v), 2 % PVP (w/v) and 4 % β-mercaptoethanol 

(added just prior to use). Made up to volume with autoclaved reverse osmosis 

water (RO H20). (Moazzam Jazi et al., 2015) 

2.4.2 Protocol 

Roughly 200 mg of plant material was ground to a fine powder using liquid 

nitrogen and an autoclaved pestle and mortar. For each sample, 50 mg of ground 

plant material was transferred into 2.5 ml Eppendorf tubes containing 1 ml of 

buffer and homogenised using a vortex for 40 seconds.  Samples were incubated 

for 35 minutes at 65 ˚C in a dry bath and mixed by inverting every 7 minutes. 

Following incubation, 1 ml of chloroform:isoamylalcohol (24:1) was added, mixed 

by inverting and incubated at RT for 15 minutes with gentle shaking. Samples 

were centrifuged at 5500 g for 20 minutes in a cooled microcentrifuge set to 4 ˚C. 
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The supernatant was transferred to a new tube and a second extraction with 

chloroform:isoamylalcohol (24:1) was performed.  After transferring the 

supernatant to a new tube once more, equal volumes of 5 M NaCl and chilled 

isopropanol were added and mixed by inverting. The samples were then chilled 

at -20 ˚C for at least 2 hours, or alternatively at -80 ˚C for between 30 and 40 

minutes or overnight at 4 ˚C. The samples were then centrifuged at 17000 g for 

35 minutes at 4 ̊ C and without disrupting the pellet, the supernatant was removed 

and discarded. The pellet was re-suspended in 125 µl of autoclaved RO H2O and 

30 µl of 12 M LiCl added before once more either being chilled at -20 ˚C for at 

least 2 hours, or alternatively at -80 ˚C for between 30 and 40 minutes or 

overnight at 4 ˚C. The samples were centrifuged at 12000g for 15 minutes at 4 

˚C, followed by the removal of the supernatant. The remaining pellet was washed 

with 5 M NaCl, vortexed for 15 to 30 seconds and centrifuged at 15000 g for 10 

minutes at 4 ˚C. The supernatant was once more removed and the pellet washed 

in chilled 70 % ethanol (volume dependant on size of pellet), vortexed for 15 to 

30 seconds and centrifuged for a final time at 15000 g for 10 minutes at 4 ˚C. The 

pellet was then left to air dry for 5 to 10 minutes before being re-suspended in 40 

µl of RNase free water. 

2.4.3 Quality control 

RNA samples were analysed using a Nanodrop spectrophotometer (Thermo 

Scientific, Wilmington, USA) to determine the purity and quantity of the extraction. 

The absorbance of 2 µl of extract was measured at 260 nm for nucleic acids, with 

an A260/280 nm ratio and an A260/230 of over 2 and 1.8 respectively indicating 

a pure RNA sample, free from protein and organic contamination. A concentration 

over 50 ng/µL was also required for downstream processes. 

 

2.5 Statistical analysis 

All statistical analysis was completed using R software v3.6.1 (R Core Team, 

2019) with R studio v1.2.5001 (RStudio Team, 2019) unless otherwise stated. 

Using R packages dplyr v0.8.3 (Wickham et al., 2019), car v3.0-6 (Fox & 

Weisberg, 2019), ggpubr v0.2.3 (Kassambara, 2019), lme4 v1.1-23 (Bates et al., 
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2015), lmerTest v3.1-2 (Kuznetsova et al., 2017) and ordinal v2019-12-10 

(Christensen, 2019). Data was assessed for normality both visually with a 

histogram and qqplot, and statistically with a Shapiro-Wilk test for normality 

(p>0.05). ANOVA analysis were further assessed visually with a homogeneity of 

variance plot (residuals versus fits plot) and with a normality plot of residuals and 

statistically with a Levene’s test for homogeneity (p>0.05) and a Shapiro-Wilk test 

of residuals (p>0.05) to ensure assumptions were met. Homogeneity in variance 

was also assessed prior to un-paired two sample t-tests using an F test (p>0.05).
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Chapter 3 Physiological 

factors contributing to 

necking in cut Rosa hybrida  
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3.1 Introduction 

Cut roses bought in the UK and the Netherlands are often supplied with a vase 

life guarantee of seven days from purchase date (Innovative fresh, 2017). 

However, cut roses may become visually unattractive and die prematurely within 

this period due to a number of terminating factors including wilting, browning or 

blueing of the petals, petal abscission, visible infection or bending of the peduncle 

(necking) (Put & Jansen, 1989). Necking is thought to be caused by an air 

embolism or a microbial blockage of the xylem, preventing water uptake and is a 

number one cause of postharvest loss for cut roses. Terminating factors 

associated with water stress including wilting and necking of the peduncle are 

also often the first to appear during vase life and are therefore a huge issue for 

the cut flower industry (Robinson et al., 2007; de Witte & van Doorn, 1988; 

Woltering & Paillart, 2018). However, vase life and occurrence of terminating 

factors such as necking varies amongst Rosa hybrida cultivars and is affected by 

a number of environmental factors and post-harvest conditions (Fanourakis et al., 

2013). 

Physiological factors affecting the vase life of R. hybrida cultivars and occurrence 

of necking have previously been covered in Section 1.2 and include variations in 

pre- and post- harvest conditions such as light, air humidity, temperature, 

nutrition, CO2 and post-harvest handling (Fanourakis et al., 2013). Many of which 

affect stomatal function and therefore water relations in the stem post-harvest. 

Water balance i.e. the amount of water being uptaken by the stem in relation to 

the amount lost via transpiration, is an important factor in determining vase life 

and the occurrence of necking (Graf et al, 2009; Matsushima et al., 2010). 

Although dry storage is necessary for air freight transport and has been shown to 

be beneficial for longer periods of storage compared to wet storage in terms of 

vase life. Dry storage of stems can result in a loss of fresh weight and altered 

water up-take ability upon rehydration (Ahmad et al., 2012).  

In order to study necking, susceptible and non- susceptible cultivars were 

identified. A comparative vase life study of Kenyan grown R. hybrida cultivars 

was therefore conducted to identify suitable cultivars for further study. Due to the 

differential effects of growing conditions on vase life and necking, all cultivars 
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selected were supplied by the same farm in Kenya. Rehydration ability and water 

balance were also analysed in relation to vase life and termination factors and 

will be discussed. 

Water balance as well as the development of vascular bundles, thickness of the 

epidermis and cell wall structure and composition all contribute to stem strength 

in Rosa hybrida cut flowers (Chabbert et al., 1993; Graf et al., 2006; Matsushima 

et al., 2012; Matsushima et al., 2010; Zamski et al., 1991). Cultivar variation in 

susceptibility to necking is thought to be related to differences in mechanical stem 

strength, with increased mechanical strength shown to increase resistance to 

peduncle necking. Disruptions to water balance during vase life and loss of turgor 

pressure in the peduncle results in a reliance on stem architecture to remain in 

an upright position; peduncle lignification, number of phloem fibres and presence 

of interfascicular cambium have all been found to vary in relation to peduncle 

strength (Zamski et al., 1991; Chabbert et al., 1993). Factors which increase 

mechanical strength can also help maintain water balance, with thickness of the 

epidermal layer or cuticle thought to both increase structural support and reduce 

transpiration (Matsushima et al., 2010). Differences in these factors has been 

shown to naturally vary between cultivars but they are also dependent on stem 

tissue development, with stem developmental stage shown to vary between 

cultivars at the point of harvest (Matsushima et al., 2010; Graf et al., 2006; 

Matsushima et al., 2012). Stem strength was therefore analysed in both a necking 

susceptible and a necking resistant R. hybrida cultivar chosen for further study. 

A two-point cantilever bend test to assess bending strength of the peduncles was 

employed (Shah et al., 2017). As stem strength is closely related to the water 

status of the peduncle, relative water contents of stems at three stages of necking 

was also compared to determine if there is an identifiable relationship between 

water content and the occurrence of necking. 

As variations in stem architecture have been found to relate to peduncle strength, 

microscopical analysis of R. hybrida peduncles has previously focused on 

differences in stem structure between R. hybrida cultivars of differing 

susceptibility to necking. Including the use of synchrotron X-ray computed 

tomography (SXCT) to study stem micro anatomy (Herppich et al., 2015). 
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However, it is believed that no previous studies have analysed R. hybrida 

peduncles exhibiting the necking process. Microscopy analysis of peduncles at 

distinct stages of necking was therefore completed to analyse potential 

differences in anatomy between necking and straight (control) peduncles of the 

same cultivar. 

 

3.2 Methods 

3.2.1 Preliminary Rosa hybrida cultivar comparison of water uptake, 

termination factors and suitability for further study 

3.2.1.1 Flower material and vase set up 

Three (10 stem) bunches of Rosa hybrida cv. Akito, Furiosa, Fuchsiana, H30, 

Topsun and Tropical Amazon (Figure 9) were grown and transported as described 

in Section 2.1.1. Stems were individually labelled upon arrival at RHUL, and then 

processed as described in 2.1.2.  
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Figure 9. Rosa hybrida cultivars. Images from www.rosaprima.com, www.flowerflow.com 
and www.flowerweb.com. 

 

Vase life conditions were as described in 2.2. However, bunches were split at 

random, with eight stems from each bunch placed together in glass vases and 

the remaining two stems from each bunch placed individually in glass milk bottles, 

with 1 litre and 100 ml of tap water respectively. All individually held stems, 

totalling six for each cultivar, had all bar the uppermost five leaflets (comprising 

one compound leaf) removed to reduce differences in transpiration between the 

stems. The individual bottles were also sealed with parafilm to limit evaporation, 

with a small hole cut for the stem to be easily inserted and removed. A vase with 

one litre of tap water, and two milk bottles with 100ml of water sealed with parafilm 

and a small hole cut into the top, but with no flower stems acted as vase and 

individual controls respectively. 
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3.2.1.2 Re-hydration ability and water uptake of cut Rosa hybrida cultivars 

All stems were weighed upon arrival (following initial stem end removal) and after 

re-hydration (prior to secondary stem end and leaf removal) to determine re-

hydration ability. Rehydration was calculated in terms of relative fresh weight 

(RFW) using Equation 1, where Wt was the weight of the stem (in g) following re-

hydration and Wt-0 was the weight of the stem (g) on arrival (t= day 0) (He et al., 

2006).  

 

Equation 1 

                           

 

All individually held stems and their holding containers were weighed on a daily 

basis over the 14 day period to determine water balance of the stems. Water 

balance was calculated by taking water loss from water uptake, with water loss 

and water uptake calculated as shown in Equation 2 and Equation 3. Where St is 

the weight of the vase and vase water and Ct is the weight of the vase, vase 

water and stem (g) at day (t), with St-1 and Ct-1 indicating the weight (g) recorded 

on the previous day (i.e day -1) (He et al., 2006; Lü et al., 2010). 

 

Equation 2 

 

 

Equation 3 

 

 

 

3.2.1.3 Vase life termination factors of the cut Rosa hybrida cultivars 

Flower quality was assessed daily over the 14 day period, with terminating factors 

determined as outlined in 2.2.1.  Both the day of termination and the terminating 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒  𝑔 𝑠𝑡𝑒𝑚−1𝑑𝑎𝑦−1 = 𝑆𝑡−1 − 𝑆𝑡  

𝑊𝑎𝑡𝑒𝑟 𝑙𝑜𝑠𝑠  𝑔 𝑠𝑡𝑒𝑚−1𝑑𝑎𝑦−1 = 𝐶𝑡−1 − 𝐶𝑡   
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factor were individually recorded for each stem. An estimated vase life of 15 days 

was given to any remaining viable stems at the end of the 14 day vase life period. 

3.2.1.4 Statistical analysis 

Vase life and relative fresh weight (RFW) data for bunched stems were analysed 

with one-way ANOVA’s to determine the effect of cultivar on the average length 

of vase life (days) and the effect of cultivar on RFW. Tukey post hoc tests were 

then used for multiple comparison of means to determine significance difference 

between cultivars. Stem data were averaged to produce vase (bunch) values 

prior to ANOVA analysis. 

Vase life data for individual stems did not meet assumptions of normality 

(Shapiro-Wilk p <0.05). The effect of cultivar on the average length of vase life 

(days) for individual stems was therefore assessed with a non-parametric 

Kruskal-Wallis test, followed by Wilcoxon tests with Benjamini-Hochberg 

correction for multiple comparisons to determine statistical differences between 

cultivars.  

The effects of cultivar and day (of vase life) on the water balance of stems was 

analysed with a linear mixed effects model also known as a repeated measures 

ANOVA using the R package lme4 (Bates et al., 2015) and lmerTest (Kuznetsova 

et al., 2017). Where repeated measures were included for each stem due to 

testing over multiple days. Multiple pairwise Wilcoxon tests with Benjamini-

Hochberg correction were then carried out to determine significant differences in 

water balance between the cultivars for each individual day. Non-parametric tests 

were used for further analysis as water balance data for each individual day did 

not always meet assumptions of normality (Shapiro-Wilk, p <0.05). 

 

3.2.2 Stem strength analysis of Rosa hybrida cultivars H30 and Fuchsiana 

Stem flex was used as an indicator of stem strength and was measured by adding 

a weight to the peduncle, just below the flower head and the degrees of bending 

measured. Stem flex of Rosa hybrida cultivars H30 and Fuchsiana were 

compared, with flower material harvested and transported as described in 2.1. 
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Measurements were taken following re-hydration with all leaves removed from 

the stems just prior to use.  

 

 

Figure 10. Stem flex of Rosa hybrida peduncles. a) without weight, b) with weight, 
difference in angle between two images calculated with ImageJ. 

 

Stems were mounted horizontally using two burette holders at fixed points, one 

7 cm below the flower head and one 22 cm below the flower head. Images were 

taken before and after the addition of a 30 g weight (total 31.9 g including 

attachment) (Figure 10), and the change in angle calculated using the ImageJ 

‘measure’ tool (Schneider et al., 2012). Measurements were taken with the flower 

head attached and after removal of the flower head, on both a 0˚ and 180˚ rotation 

of the stem with a total of 15 stems analysed for each cultivar. 

3.2.2.1 Water content of Fuchsiana and H30 flower heads 

To determine water content (%), fresh weights (FW) of the flower heads were 

taken immediately upon removal from the stem and placed in pre-weighed paper 

envelopes. Flower heads were dried in a 50 °C drying cabinet until completely 

dry and no change in weight could be recorded.  Dry weights (DW) were taken 

following removal from the drying cabinet, once samples had returned to room 

temperature. All weights were taken to the nearest mg. Water content was then 

calculated with respect to fresh weight using Equation 4 

 

Equation 4 
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3.2.2.2 Statistical analysis  

Statistical differences between the Rosa hybrida cultivars Fuchsiana and H30 for 

stem flex (flower head attached and unattached) and flower head fresh weight 

were calculated using un-paired t-tests (p<0.05). The effect of the flower head 

being attached or unattached on the degree of stem flex was assessed using 

paired two sample t-tests for each cultivar separately. 

Flower head relative water content (RWC) data did not meet the assumptions of 

normality (Shapiro-Wilk p <0.05), therefore statistical difference between the 

RWC for each of the cultivars was assessed with a non-parametric Wilcoxon 

tests.  

 

3.2.3 Evaluation of the relative fresh weights of cut Rosa hybrida H30 and 

Fuchsiana flower stems at defined stages of induced necking 

Flower material was harvested, transported and processed as described in 2.1. 

H30 and Fuchsiana cut Rosa hybrida flower stems (30 of each) were held 

individually in 100 mL of 2 % (w/v) sucrose solution. To induce necking, cultured 

Pseudomonas fluorescens bacterial colonies were added to the vase water to 

produce a final vase water concentration of 5 x 104 colony forming units (cfu). P. 

fluorescence cultures were stored, grown and processed as described in 4.2.5.  

3.2.3.1 Relative fresh weight of each necking stage 

All stems were weighed to the nearest mg just prior to being placed in vases 

(following rehydration and stem end removal). Straight (control) stems and stems 

at <90° and >90° necking stages (as defined in Figure 11) were then harvested 

and weighted on days 3 and 5 of vase life as necking occurred. Percentage 

relative fresh weight (RFW %) for each necking stage was calculated using 

Equation 1, where Wt was the weight of the stem (g) at harvest and Wt=0 was the 

weight of the stem (g) at the start of vase life.  
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Figure 11. Stages of necking in cut Rosa hybrida flower stems 

 

3.2.3.2 Statistical analysis 

Statistical difference was calculated with a two-way ANOVA (un-balanced model) 

and a Tukey post-hoc test, with both cultivar and necking stage as factors. An 

unbalanced model was used due to the different number of stems collected for 

each cultivar and stage (Table 4). 

Table 4. Number of stems at each necking stage collected for RFW analysis 

 

 

3.2.4 Microscopy analysis of Rosa hybrida cv. H30 induced necking peduncles 

(Transverse sections) 

To determine the sampling area for microscopy, images of (H30) necking 

peduncles from previous vase life experiments were analysed using ImageJ 

(Schneider et al., 2012). Measurements of the average peduncle length, the initial 

point at which necking occurs and the mid-point in bending of the peduncle were 

taken in mm from just below the flower head. 
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3.2.4.1 Flower material 

Bunches of H30 were harvested, transported and processed as described in 2.1. 

Stems were held individually in 100 mL of 2 % (w/v) sucrose solution. To induce 

necking, cultured Pseudomonas fluorescens bacterial colonies were added to the 

vase water to produce a final vase water concentration of 5 x 104 colony forming 

units (cfu). P. fluorescens cultures were stored, grown and processed as 

described in 4.2.5. 

3.2.4.2 Fixation 

Peduncle sections (1 cm) for straight, <90° and >90° necking stages were cut 

using a sterile razor blade and placed immediately in a standard FAA fixative 

solution of 50 % ethanol, 10 % formalin, 5 % glacial acetic acid, 35 % water (v/v) 

(Ruzin, 1999). Samples were fixed overnight at 5˚C and stored at 5 ˚C until use. 

After initial fixation, the fixative solution was replaced with fresh fixative to prevent 

oxidation/saturation, as seen by a colour change of the solution. Samples of each 

necking stage for light microscopy (LM) and scanning electron microscopy (SEM) 

were harvested on the same day of vase life to reduce any potential influences 

of time or flower age. 

3.2.4.3 Light microscopy (LM) 

Following fixation, peduncle samples (straight, <90° and >90°) were first rinsed 

in buffer and then dehydrated in graded ethanol at concentrations of 30; 50; 70; 

95 % and absolute ethanol for a duration of an hour each, with an additional 

overnight dehydration step in absolute ethanol. Peduncles were then transferred 

to acetonitrile for one hour, followed by infiltration with a 50:50 acetonitrile/ Spurr 

resin mixture for 24 hours. Peduncles were then infiltrated with 100 % Spurr resin 

for an initial six-hour period, followed by an overnight infiltration and a further six-

hour infiltration, both with fresh 100 % Spurr resin. Samples were then embedded 

in Spurr resin and polymerised at 60 °C. Once embedded, thin 500 nm transverse 

sections were cut using a microtome and stained with toluidine blue. Prepared 

slides were then scanned using an Olympus BX51 microscope with an Olympus 

CC12 colour microscope camera and an Olympus dotSlide automated scanner 

using a 40x objective for image analysis. 
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These steps were performed by Catherine Griffiths at the Biomedical Imaging 

Unit (Southampton). 

3.2.4.4 Scanning electron microscopy (SEM) 

Straight and >90° peduncle samples were cut into 1 mm transverse sections 

using a razor blade and mounted uncoated onto specimen stubs. A FEI Quanta 

250 scanning electron microscope was used (Biomedical imaging unit, 

Southampton), with 10 kV accelerating voltage, 8.7 mm working distance (WD) 

and low vacuum mode 60 Pa chamber pressure. The microscope was also 

equipped with a field emission gun, secondary electron and concentric ring 

backscatter detectors and beam deceleration.  

 

3.3 Results 

3.3.1 Comparison of Rosa hybrida cultivars Akito, Furiosa, Fuchsiana, H30, 

Top Sun and Tropical Amazon and suitability for further study 

In the cultivar comparison vase life study, cultivar was found to have a significant 

effect on relative fresh weight (RFW) following rehydration (F5, 12 = 5.00, p <0.05), 

with Rosa hybrida cultivars Akito and Furiosa shown to have significantly higher 

mean RFWs following rehydration than H30 (Figure 12; Appendix 1.2.1.1; p 

<0.05).  Cultivar was also shown to have a significant effect on the vase life of 

bunched stems (F5, 12 = 22.07, p <0.001), with H30 and Akito found to have 

significantly shorter vase lives than all the other cultivars tested with mean vase 

lives of 7.6 and 5.3 days respectively (p <0.05; Figure 13; Appendix 1.2.1.1).  

For the individually held rose stems, a significant interaction was found between 

day of vase life and cultivar in terms of mean water balance (F20, 137 = 2.30, p < 

0.01). In general, a positive water balance was seen for stems of all cultivars at 

day one. However, the mean water balance of Tropical Amazon stems on day 

one was found to be significantly higher than all the other cultivars (p <0.05; Figure 

14; Appendix 1.2.1.1). Only the mean water balance of Fuchsiana was positive 

on day two of vase life, with Fuchsiana stems found to have a significantly higher 

mean water balance than Akito, Furiosa, H30 and Tropical Amazon on both day 
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two and three of vase life (p <0.05). Tropical Amazon had a significantly lower 

mean water balance than Akito as well as Fuchsiana on day three of vase life (p 

<0.05; Figure 14; Appendix 1.2.1.1). No cultivars showed significant difference in 

water balance on day four or five of vase life, with all cultivars showing an overall 

reduction in water balance between day one and day four, followed by an 

increase water balance at day five to near neutral. Water balance data was not 

analysed beyond day five due to the number of terminated stems beyond this 

point in vase life.  

Cultivar was also found to have a significant effect on the vase life of individually 

held stems (X2 (5, N = 36) = 16.87, p < 0.01), with Furiosa and Fuchsiana both 

found to have significantly longer vase lives than H30 (p <0.05; Figure 15). 

However, no significant difference in vase life was found between the other 

cultivars tested for individually held stems (p >0.05; Figure 15; Appendix 1.2.1.1).  

All of the stems held individually and in bunches for both H30 and Akito (minus 

those damaged in transit) were terminated due to water stress associated factors 

(necking and wilting) as seen in Figure 16 and Figure 17. The majority of Topsun 

stems were also terminated due to water stress associated factors, however in 

this case only petal wilting was seen. Fuchsiana stems all terminated due to a 

change in petal colour, including both blueing and browning of petals. No stems 

were terminated due to necking for cultivars Fuchsiana, Topsun or Tropical 

Amazon during the observed 14 day vase life period (Figure 16). 
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Figure 12. Mean relative fresh weight following rehydration in each Rosa hybrida cultivar. 
Significance difference in RFW between cultivars was calculated using an ANOVA test 
with a Tukey post-hoc test for multiple comparisons of means. Cultivars with no 
significant difference in RFW are shown with the same letter (p <0.05). Bars represent 
standard error of the mean. RFW, relative fresh weight. n=24 

 

 

Figure 13. Average vase life of each Rosa hybrida cultivar. Significance difference in 
vase life between cultivars was calculated using an ANOVA test with a Tukey post-hoc 
test for multiple comparison of means. Cultivars with no significant difference in vase life 
are shown with the same letter (p <0.05). Bars represent standard error of the mean. n= 
24 
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Figure 14. Comparison of the mean water balance of Rosa hybrida cultivars for the first 
5 days of vase life. Data from terminated stems was not included from the point of 
termination. Bars represent standard error of the mean. 

 

 

 

Figure 15. Mean vase life for individually held roses. Significance difference in vase life 
between cultivars was calculated using a Wilcoxon signed rank test with Benjamini-
Hochberg correction for multiple comparisons. Cultivars with no significant difference in 
vase life are shown with the same letter (p <0.05). Bars represent standard error of the 
mean. n=6 
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Figure 16. Terminating factors of vase life for each Rosa hybrida cultivar. Colour change 
includes both blueing and browning of petals; DIT, damaged in transit. n=30 

 

 

Figure 17. Comparison of cultivars at day 9 of vase life. Images are representative of 
the vase condition and termination factors seen at this time point. 
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3.3.2 Stem strength analysis of Rosa hybrida cultivars H30 and Fuchsiana 

Significant difference in stem flex was found between the two cultivars, with H30 

stems flexing significantly less than Fuchsiana stems with the addition of a weight 

(flower head attached t28 = 5.46, p < 0.05 and detached t28 = 4.11, p < 0.05; Figure 

18). Significance between the stem flex achieved with the flower head attached 

compared to not-attached was also determined with a paired t-test, with 

significant difference seen for H30 but not for Fuchsiana stems (H30 t14 = 2.40, p 

<0.05 and Fuchsiana t14 = 1.14, p >0.05; as shown by asterisks Figure 18). 

Although no significant difference was seen between the fresh head weight of 

each cultivar (t28 = -0.486, p >0.05; Figure 19), H30 was found to have a 

significantly higher percentage water content than Fuchsiana with a mean water 

content of 87.9 % (W28 = 0, p < 0.05; Figure 20). 

 

 

Figure 18. Degrees of stem flex for H30 and Fuchsiana with and without the flower head 
attached. Significance between cultivars was measured with an unpaired t-test, p<0.05. 
n= 15 
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Figure 19. Fresh weight of the flower heads of H30 and Fuchsiana cut Rosa hybrida 
flowers. No significant difference (ns) was found between the cultivars with an unpaired 
two-sample t-test (p <0.05), n= 15. FW, fresh weight. 

 

 

Figure 20. Water content of flower heads of H30 and Fuchsiana cut Rosa hybrida 
flowers. Significance between cultivars was calculated with an unpaired two-sample 
Wilcoxon test (p <0.05), n= 15. 
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3.3.3 Relative fresh weights of flower stems at each necking stage for Rosa 

hybrida cultivars H30 and Fuchsiana 

Addition of Pseudomonas fluorescens cultures to the vase water induced necking 

in both H30 and Fuchsiana flower stems by day 5 (addition of P. fluorescence 

further discussed in Chapter 4. Analysis of relative fresh weight (RFW) at each 

stage of necking for H30 and Fuchsiana was conducted with a two-way ANOVA, 

using an un-balanced model due to the different number of stems collected for 

each cultivar and stage (3.2.3.2; Table 4). No significant interaction was found 

between necking stage and cultivar in terms of RFW (F2, 42 = 0.62, p >0.05), with 

no significant difference found between the mean RFW of H30 and Fuchsiana at 

each necking stage (Figure 21A; Appendix 1.2.1.2). However, necking stage alone 

was found to have a significant effect on RFW (F2, 42 = 16.57, p <0.001), with 

significant difference seen in RFW at each necking stage for H30 and Fuchsiana 

stems combined (p <0.05; Figure 21B; Appendix 1.2.1.2).  
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Figure 21. Relative fresh weights of H30 and Fuchsiana flower stems at three necking 
stages (Straight, <90° and >90°). A, RFW separated by cultivar for each necking stage; 
B, combined relative fresh weights (RFW) of H30 and Fuchsiana for each necking stage. 
Statistical analysis was completed using a two-way ANOVA (un-balanced model), with 
a Tukey post-hoc test. 
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3.3.4 Microscopy analysis of Rosa hybrida cv. H30 necking peduncles 

Analysis of necking peduncles with ImageJ identified the average peduncle to be 

97.8 mm in length (+ 2.2 mm SE) and the mid-point of the bend in a necking 

peduncle to be on average 19.7 mm (+ 1.2 mm SE) below the flower head (Figure 

22). Transverse sections of the predicted mid-point in necking were therefore 

taken ~20 mm below the flower head for straight and <90 where this could not 

easily be identified. 

 

Figure 22. Average peduncle length and points of necking in H30. Distance was 
measured from the base of the flower head in mm; bars represent standard error. n= 11-
15 as indicated. 

 

The light microscopy sections of necking peduncles show shrinkage of the pith 

as necking progresses (Figure 23 A-C). Along with an undulation of the epidermis, 

clearly seen between >90° and straight peduncles (Figure 23 D&E). Shrinkage of 

the pith can also be seen in the scanning electron microscopy (SEM) images, 

with greater contrast shown here between the straight and >90 sections due to 

the more advanced >90° necking peduncle analysed (Figure 24). 
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Figure 23. Transverse sections of Rosa hybrida cv. H30 peduncles at three necking 
stages. Straight (A), <90˚ (B) and >90˚ (C). D and E show the epidermis of straight and 
>90° peduncles respectively. Light microscopy stained with toluidine blue. VB, vascular 
bundles; X, xylem; P, phloem. Slides prepared and images taken by the Biomedical 
Imaging Unit (Southampton) with a dotSlide scanner at 40x magnification. 
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Figure 24. Electron microscopy images. Straight (A), >90˚ (B). Images were collected 
with a dwell time of 45 µs (amount of time the beam will collect data at each pixel). 50x 
magnification. 
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3.4 Discussion 

3.4.1 Preliminary comparison of Kenyan Rosa hybrida cultivars and their 

suitability for further study 

The Rosa hybrida cultivars Akito, Furiosa, Fuchsiana, H30, Top Sun and Tropical 

Amazon (Figure 9) were selected as potential cultivars for study due to their 

popular use by industry in straight line bunches and bouquets and for their 

previous use in industry vase life trials (T. Wheeler, Flamingo Horticulture pers 

com., 2016). All cultivars tested were grown in Kenya and transported dry via air 

freight to the UK. Dry storage is necessary for long distance transport via air 

freight however dry storage can reduce fresh weight and alter water uptake ability 

upon rehydration (Ahmad et al., 2012). R.hybrida cultivars are known to respond 

differentially to dry storage in relation to re-hydration rate following periods of 

desiccation potentially having an effect on overall vase life (Fanourakis et al., 

2013). In this study significant differences were found in re-hydration ability of the 

cultivars, with Akito and Furiosa showing a significantly greater increase in fresh 

weight following rehydration than H30 (Figure 12). This was partially reflected in 

the average vase life seen, with Furiosa having a significantly longer vase life 

than H30, suggesting that H30 stems did not sufficiently re-hydrate following dry 

storage and consequently terminated due to water stress associated factors 

(Figure 13). However, this same trend was not seen for Akito, with Akito having 

one of the highest percentage increases in fresh weight following rehydration but 

the shortest significant vase life of all the cultivars tested, with all stems 

terminating due to water stress associated factors (Figure 12; Figure 13; Figure 16). 

One possible reason for this is differences in fresh weight upon arrival. As 

although all the stems were transported together, it is unknown how desiccated 

the stems were upon arrival and if this varied between cultivar. Matsushima et al. 

(2010) found Akito to have an underdeveloped epidermal layer which was 

hypothesised to allow for increased transpiration and water loss from the stem. 

Hence, in this study Akito may have lost more fresh weight during dry storage 

compared to the other cultivars and therefore had a lower initial fresh weight from 

which the rehydration ability was calculated relative to. 
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For individually held rose stems a mixed result was also found in terms of water 

balance and vase life. Fuchsiana was found to be more efficient at maintaining a 

positive water balance than all the other cultivars for day two and three of vase 

life (excluding Topsun) and had one of the longest mean vase lives, with no stems 

terminating due to water stress associated factors (Figure 14; Figure 15; Figure 16). 

However, Furiosa did not have a significantly better water balance than any of 

the other cultivars on any of the days analysed, yet Furiosa had a significantly 

longer vase life than H30. Therefore, water balance alone was not found to 

explain the differences in vase life seen. Interestingly, all cultivars showed an 

increase in water balance between day four and five and could indicate a potential 

stomatal response for all cultivars at this point in vase life. As changes in stomatal 

functionality can reduce water loss by transpiration and therefore improve water 

relations within the stem. 

In terms of suitability for further study, Akito showed the highest levels of necking 

of the cultivars tested and has been used as a necking susceptible or short vase 

life cultivar in many studies (Graf et al., 2006; Pompodakis et al., 2010; 

Matsushima et al., 2010; Matsushima et al., 2012; Macnish et al., 2010; 

Spinarova & Hendriks, 2007; Woltering & Paillart, 2018). However, Akito was not 

chosen for further analysis due to being phased out of main production in Kenya. 

With the majority of rose bushes on the Kenyan farms coming to the end of their 

7 year rotation and due to be replaced by a new white cultivar (Figure 16; K. 

Richardson, Flamingo Horticulture pers com., 2016). H30 was therefore selected 

as the necking susceptible cultivar for further study, alongside Fuchsiana as the 

less susceptible cultivar due to showing no necking or water stress terminating 

factors during standard vase life conditions (Figure 16). 

 

3.4.2 Stem strength analysis of H30 and Fuchsiana 

Stem strength and susceptibility to necking have previously been found to 

negatively correlate, with cultivars less susceptible to necking showing increased 

stem strength compared to more susceptible cultivars (Zamski et al., 1991; 

Chabbert et al., 1993; Graf et al., 2006). However, the opposite was found in this 

study, with the necking susceptible R. hybrida cultivar H30 showing increased 
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stem strength compared to the less susceptible cultivar Fuchsiana (Figure 18). 

This difference in stem strength however may be attributed to the difference in 

water content seen between the two cultivars (Figure 20). As turgor pressure 

provides structural support to the peduncle tissue and H30 was found to have a 

significantly increased water balance compared to Fuchsiana (Beauzamy et al., 

2014; Graf et al., 2006). Although no significant difference in flower head fresh 

weight was seen between the two cultivars, only H30 also showed significantly 

less stem flex following head removal. This suggests that H30 is more affected 

by relative flower head weight than Fuchsiana and may contribute to the increase 

in susceptibility to necking for H30. However, it may be hypothesised that 

differences in necking susceptibility between H30 and Fuchsiana may be more 

closely associated with variations in water relations and fresh weight than stem 

architecture and mechanical strength. As H30 has been shown to have a 

significantly reduced water balance compared to Fuchsiana on day two and three 

of vase life (Figure 14). A negative water balance results in a reduction in water 

content within the flower stem therefore H30 would have seen a larger decrease 

in water content than Fuchsiana during the first few days of vase life. Potentially 

resulting in a loss of turgor pressure and stem strength and hence may explain 

the increased occurrence of necking in H30 stems (Figure 16). 

 

3.4.3 Relative fresh weights of Rosa hybrida flower stems at different stages of 

necking 

In this study necking was found to occur at significantly different percentage 

relative fresh weights and clearly associates occurrence of necking to water 

relations in cut R. hybrida flower stems. The fact that no significant difference was 

found between H30 and Fuchsiana in relative fresh weight at each stage of 

necking is in line with the hypothesis made in 3.4.2 that differences in necking 

susceptibility between H30 and Fuchsiana are associated with water relations 

rather than mechanical strength. As increased mechanical strength is thought to 

provide increased resistance to bending following reductions in water content, yet 

the same extent of necking occurred for each cultivar at the same relative fresh 

weight suggesting no significant differences in mechanical strength (Graf et al., 

2006; Chabbert et al., 1993). However, as this study was based on relative fresh 
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weights it assumes that the two cultivars had similar water contents at the start 

of the experiment and therefore would need to be verified using calculated water 

contents for each cultivar (Equation 4).  

 

3.4.4 Microscopy analysis of Rosa hybrida cv. H30 necking peduncles 

In this study transverse sections of straight (control) and necking peduncle tissue 

of R. hybrida cultivar H30 were analysed by both light and scanning electron 

microscopy and identified undulation of the epidermis and shrinkage of the pith 

in >90° necking peduncles compared to control stems (Figure 23; Figure 24). The 

collapse of cells within the pith and concurrent shrinkage indicates loss of osmotic 

balance and turgor pressure in the pith of >90° necking peduncles. This is in line 

with the overall reduction in water content seen for necking peduncles in Figure 

21B and with a previous study by Matshushima et al. (2010) which identified a 

loss of water content in peduncle parenchyma tissue of Rosa hybrida cultivars 

Akito, Milva and Red Giant with cold neutron radiography following short term 

drought stress. 

 

3.5 Conclusions 

Termination factors were found to vary between cultivars despite the same 

transport and growth conditions as found in previous studies. Of the cultivars 

analysed, H30 and Fuchsiana were selected as necking susceptible and necking 

resistant cultivars for further study. Stem strength analysis of these two cultivars, 

was found to be inconclusive due to differences in water content and therefore 

turgor pressure. However, analysis of relative fresh weights identified significant 

differences between the three necking stages under the outlined experimental 

conditions. As the data was relative, it would be interesting to see if this trend is 

also seen in terms of water content.
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Chapter 4 Microbial audit of 

the Rosa hybrida supply 

chain and identification of 

stem end micro-organisms 
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4.1 Introduction 

Necking and reduced vase life of cut roses is thought to be caused by a microbial 

occlusion of the stem, preventing water uptake. However, most studies have 

primarily focused on the effect of bacterial load in relation to vase life and necking 

(de Witte & van Doorn, 1988; van Doorn & de Witte, 1991a; van Doorn & de Witte, 

1991b; van Doorn & de Witte, 1997; Put & van Meyden, 1988; Robinson et al., 

2007; van Doorn, 1995; Laird et al., 2005; van Doorn et al., 1989; Bleeksma & 

van Doorn, 2003; van Doorn et al., 1990b), with only a few studies having also 

focused on the potential effect of fungi (Li et al., 2015; Put, 1990; Put & Clerkx, 

1988; Zagory & Reid, 1986; Put & Conway, 1986; van Doorn et al., 1991). This 

is likely because fungal species have previously been found to be less prevalent 

in the vase water and on the stems of roses than bacteria (Li et al., 2015; van 

Doorn et al., 1991; van Doorn, 1989; Put & Clerkx, 1988) and it has been 

hypothesised that fungi therefore have a lesser role in causing stem blockages 

or no effect on vase life (van Doorn et al., 1991).  

Contrary to this, Zagory & Reid (1986) found an unidentified yeast to cause the 

largest reduction in vase life of cv. Cara Mia rose stems compared to three 

Pseudomonas species, with two of the Pseudomonas species showing no 

significant effect on vase life. Despite all microbial additions being added at a 

vase water concentration of 106 per mL and all microorganisms being of similar 

size and shape. Put & Clerkx, (1988) also found that the fungal mycelium of 

Fusarium oxysporum were able to plug xylem vessels of cv. Sonia roses more 

readily than the singular microbial cells of Bacillus polymayxa, Pseudomonas 

putida and Kluveromyces marxianus and the microcondida of Fusarium 

oxysporum. This highlights the potential impact of fungi on necking and the 

importance of the species of microorganisms present. 

Put, 1990 has so far carried out the most extensive analysis of microorganisms 

associated with cut roses and identified 15 bacteria and 16 fungi from the stem 

ends and vase water of Rosa hybrida cultivar Sonia. Studies which have identified 

microorganisms isolated from cut roses have done so by traditional techniques 

(Put, 1990; Zagory & Reid, 1986; Put & Jansen, 1989; van Doorn et al., 1991). 
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However, PCR amplification and sequencing of the variable regions within the 

16S ribosomal RNA (rRNA) gene and the internally transcribed spacer (ITS) are 

now commonly used for studying prokaryotes and eukaryotic microbes 

respectively and allow for precise species level taxonomic identification (Turner 

et al., 2013). The use of sequencing techniques was previously limited by the 

number of available reference sequences. However, this is a continually growing 

resource with 20, 461 bacterial and 11, 252 fungal species entries currently 

available through NCBI for 16S ribosomal RNA and ITS targeted loci searches 

(correct of March, 2020). 

Aside from the studies by Zagory & Reid (1986) and Put (1988) previously 

mentioned, the effect of isolated species added to the vase water of cut R. hybrida 

flowers have primarily focused on the addition of bacteria. In particular the 

addition of Pseudomonas species (Robinson et al., 2007; Laird et al., 2005; Put 

& Meyden,1988; van Doorn & de Witte, 1991a; Put & Jansen, 1989). However, 

results of these studies have generally been reported in terms of the overall 

impact on vase life, rather than the occurrence of necking. 

In order to determine the prevalence of fungi on Kenyan grown roses, fungal 

counts have been conducted through-out stages of the supply chain. 

Identification of bacterial and fungal species associated with Kenyan grown roses 

has also been determined by colony PCR and sequencing methods. As the focus 

of this study is necking, the effect of the bacterium Pseudomonas fluorescens as 

well as the effect of two fungal species (a yeast and a filamentous fungus) added 

to the vase water of cut R. hybrida cultivars was assessed, with results reported 

in terms of the incidence of necking rather than in terms of general vase life. 
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4.2 Methods 

4.2.1 Fungal Petrifilm audit of the Kenyan supply chain 

Stem sections from the bottom 2 cm of stem (stem end) and 2 cm sections from 

30 cm below the flower head (mid-stem) were collected from three points in the 

Kenyan supply chain as described in Table 5 for Rosa hybrida cultivars H30 and 

Fuchsiana. Stem sections were cut using a razor blade, with both the cutting tile 

and blade sterilised with ethanol (absolute) between sections. Stem sections 

were placed in individual sterile Falcon tubes and transported in a cool bag to the 

laboratory at Dudu tech within 2 hours of collection. Stem sections were then 

suspended in 4 mL of autoclaved saline solution (un-buffered 0.85 % NaCl) and 

plated neat onto Yeast and Mould (YM) Petrifilms (3M) as described in 2.3. Plates 

were incubated and counted as described in 2.3.3 using an observation 

microscope provided by Dudu tech.  

Table 5. Stages in the Kenyan supply chain 

 

H30 and Fuchsiana mid stem and stem end sections were collected from a 

replicate of three stems on each day of collection (collection period; Table 6) for 

each stage of the Kenyan supply chain (Table 5). Stems were sampled at random 
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at each identified stage of the supply chain, i.e. stems selected at the harvest 

stage were not followed through and re-sampled at each subsequent stage. Due 

to limitations in availability, only Fuchsiana stem end sections were sampled on 

collection day 4 at the cold storage stage (Table 6). H30 and Fuchsiana stem end 

and mid stem sections were only collected on one day (day 3) for the processing 

stage and did not have replicate collections due to production timings (Table 6). 

Table 6. Collection periods of mid stem and stem end sections 

 

*Only Fuchsiana stem ends were collected on collection day 4 for the Cold store stage. 

SE, Stem ends; MS, Mid stem sections 

 

4.2.1.1 Statistical analysis 

Mid stem and stem end fungal count data did not meet assumptions of normality 

(Shapiro-Wilk, p <0.05) and were therefore analysed non-parametrically. 

Differences in fungal counts between H30 and Fuchsiana cultivars for each stage 

of the supply chain were determined with Wilcoxon tests for both mid stem and 

stem end sections. Fungal counts for each of the supply chain stages (Harvest, 

Cold store and Processing; H30 and Fuchsiana data combined) were then 

analysed using Kruskall-Wallis tests for mid stem and stem end sections 

separately, followed by pairwise Wilcoxon tests with Benjamini-Hochberg 

correction for multiple analysis to determine between stage differences. As mid 

stem and stem end sections were taken from the same flower stems, differences 

between the fungal counts of mid stem and stem end sections for each supply 

chain stage were analysed with paired Wilcoxon tests (H30 and Fuchsiana data 

combined).   



79 

 

4.2.2 Comparison of fungal colony counts on the stem ends of Rosa hybrida 

cultivars Fuchsiana and H30 on arrival in the UK 

Flower stems were harvested and transported as described in 2.1. On arrival at 

RHUL (prior to rehydration), 2 cm stem sections were taken from the bottom of 

the flower stems and prepared for Petrifilm plating as described in 2.3.1. YM 

Petrifilms were plated, incubated and analysed as described in 2.3. YM Petrifilms 

were taken for stem end sections of Fuchsiana and H30 flower stems in January 

2018 and January 2019. For the 2018 collection, 2 stems were chosen at random 

from five bunches of each cultivar, for a total of 10 stem-end sections for each 

cultivar. For the 2019 collection, 3 stems were chosen at random from six 

bunches of each cultivar, for a total of 18 stem-end sections for each cultivar. 

4.2.2.1 Statistical analysis 

Stem end fungal count data did not meet assumptions of normality (Shapiro-Wilk, 

p <0.05) and was therefore analysed using non-parametric tests. Stem end fungal 

counts for Rosa hybrida cultivars H30 and Fuchsiana were compared with 

Wilcoxon tests for both 2018 and 2019 separately. Difference between the stem 

end fungal counts on arrival in the UK between years 2018 and 2019 for (H30 

and Fuchsiana cultivars combined) was also determined with a Wilcoxon test. 

 

4.2.3 Comparison of fungal and aerobic colony counts on the stem ends of 

Rosa hybrida cultivar H30 on arrival in the UK and after re-hydration 

Rosa hybrida cv. H30 flower stems were harvested and transported as described 

in 2.1. On arrival at RHUL (prior to rehydration), 2 cm stem sections were taken 

from the bottom of the flower stems and prepared for Petrifilm plating as 

described in 2.3. Flower stems were then rehydrated for 24 hrs at 5°C as 

described in 2.1, with 2cm stem end sections also taken after this rehydration 

period. All aerobic and YM Petrifilms were plated, incubated and analysed as 

described in 2.3. 
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4.2.3.1 Statistical analysis 

Fungal (YM) counts and bacterial (Aerobic) Petrifilm count data did not meet 

assumptions of normality (Shapiro-Wilk, p <0.05) and was therefore analysed 

using non-parametric tests. As YM and Aerobic Petrifilm plates were both 

sampled from the same stem end sections and from the same stems at each time 

point, Wilcoxon matched-pairs tests were used to compare YM and Aerobic 

counts at the arrival and rehydration time points (for both within and between 

comparisons). 

 

4.2.4 Identification of fungi and bacteria by colony PCR 

Bacteria and fungi from the stem-ends and vase water of Rosa hybrida cultivars 

H30 and Fuchsiana were grown on aerobic and YM Petrifilms, with plates 

prepared and incubated as described in 2.3. Microbial samples were collected 

from multiple vase life experiments and time points. Plates were prepared from 

stem ends on arrival in the UK, following re-hydration and at day 1, 7 and 14 of 

vase life, as well as from vase water on day 14 of vase life. All flower material 

was harvested and transported as described in 2.1.  

4.2.4.1 Growth and preparation 

Luria-Bertani (LB) and Malt Extract (ME) broth (Sigma) were made up as 2 % 

agar plates (100 x 15 mm petri dishes) following manufacturers guidelines. 

Colonies were isolated from aerobic and YM Petrifilms and transferred to 2 % LB 

agar or 2 % ME agar plates respectively using a sterile toothpick. Plates were 

sealed with parafilm and inverted during incubation. Bacterial 2 % LB agar plates 

were incubated for 2-3 days and fungal 2% ME agar plates incubated for >4 days, 

both at RT (~ 21 ˚C). ME agar plates were routinely monitored during the 

incubation period, with colonies sub-sampled onto fresh 2 % ME agar plates 

when necessary to prevent overgrowth of fast-growing colonies.  

Following incubation, established colonies were sampled from the outer growing 

edge using a sterile toothpick and placed into a sterile 500 µl micro centrifuge 

tube containing 100 µl of RNase free water. Using the toothpick as a micro pestle, 

colonies were broken down and mixed with the water to create a suspension. 
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This colony-water suspension was used directly for PCR or stored at -20 °C until 

use. 

4.2.4.2 Colony PCR 

A 50 µl polymerase chain reaction (PCR) was performed using a Flexigene 

thermo cycler (Techne) with 2 µl of 10 µM forward primer, 2 µl of 10 µM reverse 

primer, 21 µl of PCRBIO Taq Mix Red (PCRBiosystems) and 21 µl of colony-

water suspension (0).  PCRBio Taq Mix Red contains Taq DNA polymerase, 6 

mM MgCl2, 2 mM dNTPs, as well as ‘enhancers’, ‘stabilisers’ and a red tracking 

dye for electrophoresis. The PCRBio Taq mix Red was used due to the robust 

buffer composition, capable of amplifying target sequences from colonies without 

a prior DNA extraction step. 

 

For fungal identification, the nuclear ribosomal internal transcribed spacer (ITS) 

region was targeted for amplification using fungal specific universal primers ITS1-

F (CTTGGTCATTTAGAGGAAGTAA) and ITS4 (TCCTCCGCTTATTGATA 

TGC). The ITS1-F and ITS4 primer pair amplifies both variable ITS regions, the 

internal transcribed spacer region 1 (ITS-1) and the internal transcribed spacer 

region 2 (ITS-2), with targets for the conserved 18S rRNA and 28S rRNA genes 

respectively (Figure 25; Gardes & Bruns, 1993). ITS1-F and ITS4 produce an 

expected amplicon size of approximately 400 - 900 bp dependent on fungal 

species. Bacterial 16S rDNA was amplified for bacterial identification, using the 

63f (5'-CAGGCCTAACAC ATGCAAGTC-3’) and 1492r (5’-

GGCTACCTTGTTACGACT T-3’) primer pair. Primers 63f and 1492r amplify 

variable regions 1-9 and have an expected amplicon size of ~ 1400 bp (Figure 

26). 

 

 

Figure 25. ITS1-F and ITS4 primer annealing sites on fungal rDNA 
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Figure 26. Bacterial 16S rDNA primer annealing sites for primers 63f and 1492r 

 

Colony PCR cycle conditions included an initial 1 min denaturation and enzyme 

activation step at 95 ˚C, followed by 35 cycles of 15 sec at 95 ˚C denaturation, 15 

sec annealing at 55 ˚C for fungal or 50 ˚C for bacterial, and an 8 sec extension at 

72 ˚C. PCR products were then held at 4 ˚C after completion of the programme. 

4.2.4.3 Gel electrophoresis and sequencing of PCR product 

PCR products were loaded directly onto a 1 % agarose gel made up with 1 x Tris-

Borate-EDTA (TBE) buffer and stained with (1 µL per 10 mL) SYBR Safe DNA 

gel stain (Invitrogen). Samples were run alongside the molecular weight marker, 

Hyperladder 50bp (Bioline) for reference. All PCR amplicons showing a single, 

clear band of between 400 – 900 bp (fungal) or approximately 1400 bp (bacterial) 

in length were purified using the Wizard SV Gel and PCR Clean-up System 

(Promega), following the manufacturer’s purification by centrifugation protocol. If 

significant well contamination or primer dimer could be seen on the 

electrophoresis gel, then 700 µl of 80 % Ethanol was substituted for the 

Membrane wash solution in the first wash step, as recommended in the Wizard 

SV Gel and PCR clean-up System Technical Bulletin. 

Purified amplicons were then quantified using a Nanodrop spectrophotometer 

before being sent for sequencing using Mix2Seq tubes (Eurofins genomics). 

Mix2Seq tubes were prepared following the manufacturer’s guidelines with the 

purified DNA concentration adjusted with RNAse free water (concentration 

dependent on amplicon size) and pre-mixed with the appropriate forward primer 

(ITS1-F or 63f). 
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4.2.4.4 Identification of sequences using Blastn 

Sequences were uploaded onto the National Center for Biotechnology 

Information (NCBI) website, within the Nucleotide Basic Local Alignment Search 

Tool (BLASTn) suite for targeted loci and searched against the ITS database for 

fungal sequences, or the 16S ribosomal RNA sequences database (Bacteria and 

Archaea) for bacterial sequences. Uncultured and environmental sequences 

were excluded and the megablast algorithm was used to find highly similar 

sequences. Output was limited to a maximum of 10 target sequences per entry 

sequence. For ITS and 16S rRNA sequences, a 97 % and a 99 % identity cut off 

were used for species level identification respectively (Blaalid et al., 2013; Janda 

& Abbott, 2007). Both ITS and 16S rRNA sequences which were below the 

species level identity threshold but had >95 % identity were recorded to a genus 

level (Yarza et al., 2014). A BIT score threshold of >200 was also applied to all 

sequences. 

 

4.2.5 Addition of three concentrations of the bacteria Pseudomonas 

fluorescens to the vase water of Rosa hybrida cultivars H30 and 

Fuchsiana 

Rosa hybrida cv. H30 and Fuchsiana flower stems were harvested, transported 

and processed as described in 2.1. Following re-hydration, stems were placed in 

individual vases (1 stem per vase) with a total of 10 stems of each cultivar per 

vase water condition. Vase water conditions included three different 

concentrations of Pseudomonas fluorescens cultures in 100 mL of 2 % sucrose 

solution and 100 mL of 2 % sucrose solution with no microbial addition as the 

vase water control.   

Pseudomonas fluorescens cultures were transferred from frozen glycerol stocks, 

to 2 % LB broth and incubated for 24 hours at 28 ̊ C, shaken at 200 rpm. Following 

incubation, cultures were spun at 500 x g (RCF) for 10 mins in a chilled centrifuge. 

The growing medium was then carefully poured off and the sediment microbial 

cells re-suspended in a 2 % sucrose solution. The liquid culture was initially 

counted using a haemocytometer, before being adjusted and added to the vase 

water for three incremental 10-fold concentrations of 1.9 x 105, 1.9 x 106 and 1.9 
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x 107 (cfu per mL). Final inoculation colony counts were determined by aerobic 

Petrifilm analysis through a serial dilution in physiological saline as described in 

2.3.  

The number of stems at each necking stage (Straight, <90° and >90°) were 

recorded for each vase water treatment on day 3 of vase life. 

4.2.5.1 Statistical analysis 

A Cumulative Link Model (CLM) using the R package ordinal v2019.12-10 

(Christensen, 2019) was used to analyse the necking stages of stems within each 

of the vase water conditions. A CLM is a form of ordinal generalised link model 

used when one of the dependent variables has a ranked order, i.e. necking stage 

Straight is less than necking stage <90°, which is less than necking stage >90°. 

A default logit link function was used for a proportional odds model due to the 

proportional nature of the data. Interaction and statistical significance were 

determined by removing terms sequentially and with an analysis of deviance 

(type II) test. Significance of the vase water conditions on each of Rosa hybrida 

cultivars was further tested independently with Kruskall-Wallis tests and pairwise 

Wilcoxon tests with Benjamini-Hochberg correction for multiple comparisons. 

Non-parametric tests were used for analysis due to the necking data being ordinal 

and therefore unsuitable for analysis with conventional parametric tests. 

 

4.2.6 Addition of bacteria and fungi to the vase water of Rosa hybrida cultivars 

H30 and Fuchsiana  

Rosa hybrida cv. H30 and Fuchsiana flower stems were harvested, transported 

and processed as described in 2.1. Following re-hydration, stems were placed in 

individual vases (1 stem per vase) with a total of 10 stems of each cultivar per 

vase water condition. Bacterial and fungal additions were prepared as described 

below (4.2.6.1; 4.2.6.2), with 100 mL of 2 % sucrose solution with no microbial 

addition as the control condition. The number of stems at each necking stage 

(Straight, <90° and >90°) were recorded for each vase water treatment on day 4 

of vase life. 
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4.2.6.1 Bacterial vase water addition 

Pseudomonas fluorescens (bacterial) cultures were transferred from frozen 

glycerol stocks and were grown as described in 4.2.5. Re-suspended P. 

fluorescens cultures were added to individual vases containing 2 % sucrose 

solution for a total volume of 100 mL at a vase water concentration of 8.3 x 106 

(cfu per mL) 

4.2.6.2 Fungal vase water additions (yeast and mould) 

Papilotrema flavescens and Neocosmospora rublicola fungal cultures were 

isolated from the stem end and vase water of Rosa hybrida cv. H30 respectively 

on YM Petrifilms (2.3) and were identified as described in 4.2.4. P. flavescens 

(formerly Crytococcus flavescens) is a basidiomycota-yeast and was chosen for 

its growth as a yeast in culture. The fungal ascomycete species N. rublicola was 

chosen its fast growth and as a representative filamentous fungi. P. flavescens 

and N. rublicola will further be referred to as yeast and mould species respectively 

for distinction between the two growth habits. 

Papiliotrema flavescens cultures were grown on 2% malt extract (ME) agar at 

room temperature (RT) and transferred to 2 % ME broth using a sterile plastic 

inoculation loop. P.flavescens cultures were then grown and prepared as 

previously described (4.2.5).  Re-suspended P. flavescens cultures were added 

to individual vases containing 2 % sucrose solution for a total volume of 100 mL 

at a vase water concentration of 3.4 x 105 (cfu per mL). 

Neocosmospora rublicola cultures were grown on 2% ME agar plates at room 

RT. A 2 mm core was taken from the outer growing edge of the hyphae using a 

unicore punch (GE Healthcare; sterilised with absolute ethanol) and added 

directly to the individual vases containing 100 mL of 2 % sucrose solution for an 

initial vase water concentration of 1.1 x 105 (cfu per mL). 

Control vases, with no flower stems were set up for each vase water condition.  

Water samples (1 mL) were collected from each of the vase water controls at the 

start of the experiment, serially diluted with physiological saline and plated on 

aerobic and YM Petrifilms to determine initial vase water colony counts (2.3). 
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4.2.6.3 Statistical analysis 

Data was analysed as previously described in section 4.2.5.1. 

 

4.3 Results 

 

4.3.1 Fungal Petrifilm audit of the Kenyan supply chain 

No significant difference was found between the mid stem fungal colony counts 

of Fuchsiana and H30 at each stage of the supply chain, or between Fuchsiana 

and H30 stem end sections at each stage of the supply chain (p >0.05; Table 7). 

By combining the count data for both H30 and Fuchsiana, stage of supply chain 

was found to have a significant effect on the fungal colony counts found for mid 

stem (X2 2, N = 30 = 14.77, p <0.001) and stem end (X2 2, N = 39 = 22.06, p <0.001) 

sections. For the stem end sections, fungal colony counts were found to increase 

at each stage of the supply chain, with significant difference found between 

harvest, cold store and processing stages (p <0.05; Figure 27). Although mid stem 

fungal colony counts found only found to be statistically higher during the 

processing stage of the supply chain, compared to fungal colony counts found at 

harvest and following cold storage (p <0.05; Appendix 1.2.2.1) a similar trend 

could be seen for both mid stem and stem end colony counts at each stage of 

the Kenyan supply chain (Figure 27). However, stem end sections were found to 

have a significantly greater number of fungal colonies at each stage compared to 

mid stem sections (p <0.05; Figure 28; Appendix 1.2.2.1). 

Table 7. Comparison of fungal counts for H30 and Fuchsiana stem sections 
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Figure 27. Fungal colony counts for each cultivar at different stages of the Kenyan supply 
chain. A, mid-stem sections; B, stem end sections. Statistical difference between the 
stages was determined by a Kruskal-Wallis non-parametric test followed by a pairwise 
Wilcoxon test (p <0.05). Stages with the same letter are not significantly different. Cfu, 
colony forming units. (n= 3 – 9 stems of each cultivar dependent on stage, see Table 6) 
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Figure 28. Fungal colony counts for mid-stem and stem-end sections Boxplot A, B and 
C represent fungal counts taken for stem sections at harvest, cold store and processing 
stages respectively. MS, mid stem; SE, stem end. Statistical difference between the YM 
colony counts on mid stem and stem end sections was calculated with paired Wilcoxon 
tests (p <0.05). Stem sections with the same letter are not significantly different. n=12 
for harvest and cold store, n=6 for processing 

 

4.3.2 Comparison of fungal colony counts on the stem ends of Rosa hybrida 

cultivars Fuchsiana and H30 on arrival in the UK 

No significant difference was found between the fungal colony counts of 

Fuchsiana and H30 on arrival at RHUL for either of the 2018 (W= 36.5, p >0.05) 

or 2019 collections (W = 215.5, p >0.05; Figure 29). Overall fungal colony counts 
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between the two collection periods (2018 and 2019) were also not significantly 

different (W = 268.5, p >0.05). 

 

 

Figure 29. Fungal colony counts from Fuchsiana and H30 stem ends prior to rehydration. 
Boxplot A is data from January 2018 and boxplot B is data from January 2019. No 
significant difference (ns) was found with a non-parametric Wilcoxon test. n = 10 (2018); 
n= 18 (2019). 

 

 

4.3.3 Comparison of fungal and aerobic colony counts on the stem ends of 

Rosa hybrida cultivar H30 on arrival in the UK and after re-hydration 

No significant difference was found between aerobic (bacterial) and YM (fungal) 

colony counts on H30 stem ends at arrival (V= 22, p >0.05; Figure 30A). However, 

aerobic colony counts were found to be significantly higher than YM colony 

counts following re-hydration (V = 65, p <0.05; Figure 30B). Aerobic and YM 

colony counts on the stem ends of H30 significantly reduced following re-

hydration compared to on arrival (V = 66, p <0.05; Figure 31), with both aerobic 

and YM colony counts falling from a mean count of 32,000 on arrival to 2,400 and 

300 respectively following rehydration (all to 2 significant figures). 
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Figure 30. Bacterial and fungal colony counts of stem-end section at arrival to the UK 
and following rehydration. Paired boxplot A shows aerobic (bacterial) and YM (fungal) 
colony counts on arrival, and boxplot B shows counts following rehydration. Lines 
connect paired counts taken from the same stem end sections. Significant difference 
was calculated with a Wilcoxon matched-pairs test (p <0.05), with significance between 
groups shown by differing letters and no significance shown by an ‘ns’. n= 11. 
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Figure 31. Colony counts on the stem-ends of Rosa hybrida cv. H30 at arrival to the UK 
and following rehydration. Boxplot A shows aerobic (bacterial) colony counts and boxplot 
B shows YM (fungal) colony counts. Significant difference was calculated with a 
Wilcoxon matched pairs test (p <0.05), with significance between groups shown by 
differing letters. n= 11. 

 

4.3.4 Identification of fungi and bacteria by colony PCR 

A total of 30 species of fungi were identified from the stem ends and vase water 

of Rosa hybrida cultivars Fuchsiana and H30 using ITS primers ITS1-F and ITS4, 

with species spanning 20 genera and 14 families of fungi (Table 8; Table 9). 

Comparatively fewer bacterial than fungal species were identified, with a total of 

24 bacterial species identified using the amplified 16S rDNA 63f and 1492r primer 

region. Of these identified species only three were classified as gram-positive, 

with the majority of species found to be gram-negative (Table 10; Table 11). 

Pseudomonas made up the largest genera of gram-negative bacteria, with nine 

different species identified from stem ends and vase water of Rosa hybrida 

cultivars H30 and Fuchsiana. Pseudomonadaceae and Enterobacteriaceae 

families were found to have the largest number of identified species, with nine 

species identified from seven different genera in the family Enterobacteriaceae 

(Table 10). 
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Table 8. Identified fungal species (yeasts) 

 

*sequences were not identified beyond genus level 
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Table 9. Identified fungal species (filamentous fungi) 
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Table 10. Identified bacterial gram-negative rods 
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Table 11. Identified bacteria gram-positive rods 

 

 

 

4.3.5 Addition of three concentrations of Pseudomonas fluorescens to the vase 

water of H30 and Fuchsiana 

A cumulative link model (CLM) of the data found both vase water condition (X2 
3, 

N= 80  = 40.35, p <0.05) and cultivar (X2 
1, N= 80  = 42.05, p <0.05) to have a significant 

effect on the necking stages of stems at day four of vase life. Indicating significant 

difference between the response of H30 and Fuchsiana stems to the 

Pseudomonas fluorescens vase water additions.  

The addition of P. fluorescens at an initial vase water concentration of 1.9 x 106 

(cfu) or above was found to significantly increase the incidence of necking 

(including stages <90° and >90°) in the Rosa hybrida cultivar H30 compared to 

the sucrose control at day 4 of vase life (F3, 38 = 19.36, p < 0.05; Figure 32B). 

Necking was also seen to be significantly induced by the addition of P. 

fluorescens cultures in the R. hybrida cultivar Fuchsiana by day 4 of vase life, but 
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only with an initial vase water concentration of 1.9 x 107 (cfu) (F3, 38 = 15.72, p < 

0.05; Figure 32A; Appendix 1.2.2.2).  

 

 

 

Figure 32. Incidence of necking stages at day 4 of vase life for each P. fluorescens vase 
water concentration. A, Fuschiana; B, H30. Str, straight stems with no bending; <90°, 
bending of less than 90°; >90°, bending of equal to or more than 90°. Statistical 
difference between the vase water concentrations was determined by a Wilcoxon test 
with Benjamini-Hochberg correction for multiple comparisons (p <0.05). Concentrations 
with the same letter show no significant difference in the number of stems at each stage 
(Str, <90°, >90°). Cfu, colony forming units. n=10 stems 
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4.3.6 Addition of bacterial and fungal species to the vase water of H30 and 

Fuchsiana 

A cumulative link model (CLM) of the bacterial and fungal addition data for H30 

and Fuchsiana also showed both vase water condition (X2 
3, N= 80  = 46.34, p <0.05) 

and cultivar (X2 
1, N= 80  = 29.87, p <0.05) to be significant factors affecting the 

necking stage of stems on day 3 of vase life. Indicating significant difference 

between the response of H30 and Fuchsiana stems to vase water additions, with 

H30 stems more likely to show increased stages of necking than Fuchsiana 

stems at day 3 of vase life as seen by the positive shift in letent distributions (+ 

2.97 σ* scale units) for H30 stems relative to Fuchsiana. 

 

Due to different initial concentrations, the different microbial additions cannot be 

directly compared, with Pseudmonas fluroescens, Neocosmospora rubicola and 

Papilotrema flavescens added at initial vase water concentrations of 8.3 x 106, 

1.1 x105 and 3.4 x105 cfu per mL respectively. However, the addition of 

Neocosmospora rubicola (mould), Papilotrema flavescens (yeast) and 

Pseudomonas fluorescens (bacteria) all significantly increased the incidence of 

necking in Rosa hybrida cultivar H30 compared to the sucrose control (F3, 38 = 

32.85, p <0.05). Whereas, in cv. Fuchsiana, necking was only found to be 

signifcantly induced by Pseudmonas fluorescens (F3, 38 = 27.17, p < 0.05,  Figure 

33, Appendix 1.2.2.3).  

 

 



98 

 

 

Figure 33. Incidence of necking at day 3 for each microbial vase water addition. A, 
Fuchsiana; B, H30. Mould, Neocosmospora rubicola; Yeast, Papilotrema flavescens; 
Bacteria, Pseudomonas florescens. Str, Straight stems with no bending; <90°, stem 
bending of less than 90˚; >90° = stem bending equal to or more than 90°. Statistical 
difference between the vase water additions was determined by a Wilcoxon test with 
Benjamini-Hochberg correction for multiple comparisons (p <0.05). Vase water 
conditions with the same letter are not significantly different. Cfu, colony forming units. 
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4.4 Discussion 

 

4.4.1 Fungal colony counts of the Kenyan supply chain 

Analysis of the Kenyan supply chain identified the presence of fungi at each of 

the three stages analysed for both Rosa hybrida cv. H30 and Fuchsiana (Table 5; 

Figure 27). However, colony counts were found to be much higher at the 

processing stage where stems were arranged into bunches for dry transport to 

the UK (Figure 28). This suggests that handling practices at the processing stage 

incur an increased amount of microbial contamination. Cutting equipment is 

known to be a potential source of introduced contamination (Laird et al., 2005; 

van Doorn & de Witte, 1997) and may have resulted in the increased number of 

fungi on the stem ends following processing, as stems were re-cut to a uniform 

length during bunching. However, as both the mid and stem end sections showed 

a significant increase in fungal counts at the processing stage (Figure 27), 

contaminated cutting equipment is unlikely to have been the sole source as this 

would only have affected the stem end. An increase in fungal counts on the mid 

stem sections may therefore be due to the handling of stems (i.e. with 

contaminated gloves), further leaf or thorn removal with contaminated equipment 

or due to placement on contaminated benches. However, fungal counts on these 

potential sources were not analysed and would need to be determined in further 

work.  

Damaged or wounded tissue is a better substrate for the growth of opportunistic 

microorganisms (Zagory, 1999). Leaf removal and de-thorning practices prior to 

cold storage may therefore result in increased microbial growth on the stem 

during the processing stage where temperatures are warmer (for an improved 

working conditions of the processing staff) and is another possible explanation 

for the increased number of fungi seen following processing.  

The difference in counts between the mid stem and stem end sections found at 

each stage of the supply chain may also be attributed to the presence of an 

exposed layer of damaged tissue at the cut surface of the stem end, where 

bacteria and fungi have been shown to rapidly accumulate (Figure 28; Put & 

Clerkx, 1988; van Doorn et al., 1991; Clerkx et al., 1989; Put et al., 2001). Fewer 
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microbial cells have also been found inside the xylem vessels of cut roses at 

increasing heights between the stem end and the flower head due to the limited 

infiltration ability of microorganisms to travel up the stem (Put & Clerkx, 1988; van 

Doorn et al, 1991; Put & van Meyden, 1988).  

 

4.4.2 Fungal colony counts on arrival in the UK for cv. H30 and Fuchsiana 

No differences in fungal counts were seen between the two cultivars H30 and 

Fuchsiana upon arrival in the UK (Figure 29). This indicates that there was no 

preferential growth of fungi on either cultivar when subjected to the same 

processing practices and supply chain variables (i.e. temperatures during 

transport to UK). 

 

4.4.3 Fungal and aerobic colony counts on stem ends of cv. H30 on arrival and 

following rehydration 

In this study, bacterial and fungal counts on cv. H30 were found to decrease in 

number between arrival in the UK and following rehydration with a 92 % and 99 

% reduction in counts respectively (Figure 31). However, the numbers shown for 

rehydration represent counts from a ‘new’ stem end section, as initial stem ends 

were removed upon arrival (and used for arrival counts). In the Kenyan supply 

chain, mid stem sections had consistently lower fungal counts than stem end 

sections (Figure 28). This may explain the reduced number of bacteria and fungi 

following rehydration as rehydration stem sections were technically taken from a 

higher point up the stem than at arrival. The exposed cut surface of the 

rehydrated stem end was also cut with a sterile razor blade and therefore may 

have had a lower number of introduced microorganisms onto the cut surface than 

the original (arrival) stem end section. Additionally, placement of the flower stems 

in water for rehydration may have led to a proportion of microbial cells being 

washed into the solution, resulting in a reduced microbial load on the stem end. 

Put & Clerkx, (1988) found that Bacillus and Pseudomonas cells adhered to the 

xylem vessel walls of cv. Sonia rose stems, but both Fusarium microconidia and 

Kluyveromyces cells were unattached. The higher number of bacteria than fungi 

found in this study following re-hydration may therefore be due to the adherent 
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capacity of bacterial cells compared to fungi (yeasts and conidia), meaning more 

fungal cells may have been washed off upon placement in water than bacterial 

cells (Figure 30).  

Previous studies which reported fungal counts found fungi to be less prevalent or 

present in very low numbers in the vase water or on the stem ends of cut roses 

during vase life compared to bacteria (Li et al., 2015; Put & Clerkx, 1988; van 

Doorn et al., 1991). The proportionally lower number of fungi compared to 

bacteria following rehydration is therefore somewhat consistent with data from 

literature, as fungal counts would have been lower than bacterial counts on 

entering the vase (Figure 30). 

However, reported figures for microbial counts have all derived from stems 

harvested and taken directly to the lab for vase life studies, were they have often 

been treated aseptically (de Witte & van Doorn, 1988; Li et al., 2015; Put & Clerkx, 

1988; van Doorn et al., 1991). These figures are therefore unlikely to be 

representative of actual bacterial and fungal numbers present on the stems 

received by consumers. As large numbers of microbial contamination may be 

introduced at the UK rehydration, processing and supermarket stages which were 

not tested in this study.  

4.4.4 Identification of fungi and bacteria by colony PCR 

Many Pseudomonas species have previously been identified by Put (1990), van 

Doorn et al. (1991) and de Witte & van Doorn (1988) and are thought to be the 

predominant genera associated with cut roses. Although only the Pseudomonas 

species P. putida was found in common with these studies, a large number of 

Pseudomonas species were also isolated from Kenyan grown R. hybrida stems 

(Table 10; Figure 34). Isolation of Citrobacter and Pantoea species is also in line 

with previous research, however both Citrobacter youngae and Pantoea anatis 

are thought to be novel to this study (Put, 1990; van Doorn et al., 1991). Although 

previously found by Put (1990), de Witte and van Doorn (1988) and van Doorn 

(1991), no Aeromonas, Alcaligens, Enterobacter (excluding what is now known 

as Pantoea), Flavobacterium or Corynebacteria species were identified. 

However, bacteria in the genera Burkholderia, Kluyvera, Rahnella, Raoultella, 
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Rouxiella, Serratia, Microbacterium and Weissella were identified in this study 

and are not thought to have previously been isolated from cut R.hybrida flower 

stems (Table 10; Table 11; Figure 34). 

 

 

Figure 34. Comparison of bacteria identified in this study compared to those identified 
previously by Put (1990)1, de Witte & van Doorn (1988)2 and van Doorn et al. (1991)3. 

 

Fungal species from the genera Candida, Cladosporium, Penicillium and 

Rhodotorula were found in this study as well as by Put (1990) and Muñoz et al. 

(2019). However, this is thought to be the first study to report findings of 

Vishniacozyma, Debaryomyces, Filobasidium, Hyphopichia, Kazachstania, 

Zygotorulaspora, Holtermanniella, Papilotrema, Wickerhamomyces, Beauveria, 

Cystobasidium, Neocosmospora, Gibellulopsis, Paecilomyces, Apiotrichum and 

Cutaneotrichosporon species associated with cut rose stems (Table 8; Table 9). 
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Differences in species and genera of bacteria and fungi found are likely to be due 

to different growing conditions and due to natural variances in microflora, as cited 

studies were either based on roses grown in The Netherlands (Put, 1990; van 

Doorn et al., 1991; de Witte & van Doorn, 1988) or in Colombia (Muñoz et al., 

2019) rather than in Kenya. Many Kenyan rose farms have also recently adopted 

an integrated pest management (IPM) approach to control insect pests and 

microbial pathogens, in a movement away from widespread spraying of produce 

with insecticides and fungicides (Gacheri et al., 2015). The entomopathogenic 

fungus Beauveria bassiana is a biocontrol against rose insect pests including 

rose aphid (Macrosiphum rosae), thrips and whiteflies and is a listed product 

supplied by Kenyan IPM company Dudutech (BEAUVITECH® WP) (Sayed et al., 

2019; Gao et al., 2012; Wraight et al., 2000). B. bassiana may therefore have 

been identified from Kenyan grown rose stems due to its use on roses as a 

biocontrol agent rather than due to natural occurrence (Table 9). 

Many species isolated in this study including Wickerhamomyces anomalus 

(formerly Saccharomyces anomalus, Hansenula anomala and Pichia anomala), 

Pantoea agglomerans (formerly Erwinia herbicola), Burkholderia vietnamiensis, 

Bacilius licheniformis and Candida saitoana are known to have antibacterial or 

antifungal activity and have been used to control the growth of plant pathogenic 

species (Passoth et al., 2006; Fredlund et al., 2002; Özaktan & Bora, 2004; 

Compant et al., 2008; Govender et al., 2005; Arras et al., 2006). These species 

may therefore have potential biocontrol applications post-harvest in controlling 

microbial growth on cut R. hybrida stem ends and could be an interesting avenue 

for further research. However, their potential to cause xylem occlusions and 

infiltration abilities would also need to be considered. 

Although sequencing techniques were adopted to identify the bacterial and fungal 

species, identification of micro-organisms in this study still relied on initial plating 

of cultures. Plating requires the microorganisms to grow on a culture media, 

however it is thought that the majority (99.5 – 99.9 %) of soil bacteria cannot be 

isolated and cultured in vitro (Torsvik et al., 1990; Turner et al., 2013). The 

isolated cultures may therefore only account for a very small proportion of total 

microorganisms present and an entirely molecular approach such as microbiome 
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sequencing (metagenomics) may be worth exploring in further study, to provide 

a broader view of the microbial diversity associated with cut rose stems (Turner 

et al., 2013). In particular, it would be interesting to analyse potential differences 

in the microbiome of R. hybrida stems exhibiting necking compared to straight 

(control) stems and also between necking susceptible and necking tolerant 

cultivars.  

 

4.4.5 Addition of microorganisms to vase water of cv. H30 and Fuchsiana 

The vase life of cut roses is known to naturally vary between cultivars under 

sterile conditions as well as in response to bacteria in the vase water, with some 

cultivars more affected than others (Laird et al., 2005). In this study, the addition 

of Pseudomonas fluorescens at different initial concentrations differentially 

induced necking between two cultivars of R. hybrida, with cv. H30 showing full 

>90° necking in 90 % of stems by day 4 of vase life following the addition of 1.9 

x 106 cfu per mL P. fluorescens. In contrast, cv. Fuchsiana roses only showed 

<90° necking in 20 % of stems at day 4 of vase life under the same conditions. 

However, the addition of P. fluorescens at 1.9 x 107 did increase the occurrence 

of necking stages <90° and >90° in Fuchsiana rose stems compared to controls. 

This highlights that poor control of microbial numbers in the supply chain will have 

a greater effect on the occurrence of necking in necking susceptible cultivars such 

as H30, however, necking tolerant cultivars will also terminate prematurely due 

to necking at increased levels. Reduced contamination in the supply chain is 

therefore vital to reduce post-harvest waste and reduced vase life for consumers. 

Addition of the fungal species Neocomospora rubicola and Papilotrema 

flavescens to the vase water of cv. H30, even at a lower colony count (compared 

to bacteria) also increased the incidence of necking stages (<90° and >90°) 

compared to controls by day 3 of vase life. Therefore, even if fungi occur at lower 

levels on the stem ends and in the vase water of cut rose stems, they are still 

likely to significantly increase the occurrence of necking in necking susceptible 

cultivars and have a cumulative effect with bacterial numbers. Determination of 

microbial counts on the stem end should therefore be considered in terms of 

bacteria and fungi and not just bacteria. 
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4.5 Conclusions 

Fungi were identified on rose stems at each stage of the Kenyan supply chain 

and were not significantly different from bacterial numbers on arrival in the UK. 

However, as found with other studies, numbers of fungi at the start of vase life 

are likely to be lower than bacteria based on colony counts following rehydration. 

For the necking susceptible cultivar H30, both a yeast and a filamentous fungus 

at 105 cfu per ml were found to induce necking and cause premature termination 

of stems. This highlights the importance of maintaining both low bacterial and 

fungal levels.  

As the two cultivars H30 and Fuchsiana were not found to have differing microbial 

counts on arrival in the UK and showed varying responses to the microbial 

additions, necking susceptibility between the two cultivars is unlikely to be due to 

differences in the number of microorganisms on the stem end. However, it is 

currently unknown if different microbial species are associated with each of the 

cultivars and if species composition affects the occurrence of necking within 

cultivars. As colony PCR and sequence identification of microbial species still 

requires culturing methods, microbiome sequencing is recommended for further 

analysis of stem end microflora.
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5.1 Introduction 

RNA-sequencing provides a snap-shot view of the presence and quantity of RNA 

in a sample with the direct sequencing of transcripts. RNA-sequencing by next 

generation sequencing (NGS) is now a widely adopted method for transcriptomic 

studies, with trends moving away from the use of microarrays where expression 

analysis requires prior knowledge of genome sequences (Wang et al., 2009). De 

novo assembly of RNA sequences allows for transcriptomic studies to be carried 

out on non-model organisms as they do not require a reference genome. De novo 

assembly programmes such as Trinity use a multi-step process with de Bruijn 

graph analysis to build full-length transcripts from a sample of raw sequenced 

reads (Grabherr et al., 2011). Koning-Boucoiran et al. (2015) used Trinity to 

successfully develop a de novo rose transcriptome and SNP array using Rosa 

hybrida petals, whole flowers and young leaves from 12 garden rose cultivars 

and stressed leaves from Rosa multiflora. Another extensive de novo 

transcriptomic study has also been carried out for Rosa chinensis focusing on a 

mixture 13 different rose tissues under varying abiotic and biotic stress conditions 

(Dubois et al., 2012). However, no studies have currently been published on 

peduncle tissue undergoing necking and it is unknown if there are any molecular 

mechanisms involved in this process. 

Roses belong to the Rosaceae, a large family including many important crop 

plants such as apple, peach and strawberry. An increase in Rosaceae genomic 

research over the past 14 years has meant that there are currently genomes 

available for seven genera, all of which are available on the ‘Genome Database 

for Rosaceae’ (GDR), an integrated web resource for Rosaceae genomics and 

genetic research (Jung et al., 2004; Jung et al., 2014). The diploid woodland 

strawberry (Fragaria vesca) genome was the closest related species available for 

rose studies (Shulaev et al., 2011). However, the Rosa chinensis cv. ‘Old Blush’ 

genome has recently been published and has expanded the prospects for rose 

research (Hibrand Saint-Oyant et al., 2018; Raymond et al., 2018).  

Rosa chinensis cv. ‘Old Blush’ originated in China over a thousand years ago and 

was brought to Europe and North America in the eighteenth century. This diploid 

variety is thought to be a common ancestor to many of the modern tetraploid 
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commercial roses, contributing the recurrent flowering and ‘tea’ fragrance traits 

of the hybrid tea varieties (Martin et al., 2001). ‘Old Blush’ is an easily propagated 

diploid garden rose cultivar of high ornamental value with double flowers and pink 

petals and has therefore been chosen as the model for rose breeding and 

genetics. Sequencing of a high-quality rose genome has added a new resource 

to the 44 ornamental genomes now currently available (Chen et al., 2019) and 

has already provided insights into floral colour and scent pathways (Raymond et 

al., 2018). Release of the genome has also enabled genome guided 

transcriptomic studies to be possible. Use of a reference genome provides 

greater information for the arrangement of reads and generally out-performs de 

novo assembly methods (Hayer et al., 2015). However, no transcriptome studies 

have so far assessed the benefits of a genome guided alignment to the new Rosa 

genome over a de novo assembly for Rosa hybrida sequencing data.   

A de novo transcriptome as well as an alignment to the Rosa chinensis reference 

genome have therefore both been carried out for Rosa hybrida cv. H30 rose 

peduncles at three stages of necking and will be discussed.  

 

5.2 Methods 

5.2.1 Plant material 

Rosa hybrida cv. H30 stems were grown, transported and processed as 

described in 2.1.  Stems were arranged in bunches of 10 and placed in clean 

vases containing 1 litre of tap water, plus a sachet of commercial flower food 

(Chrysal clear Rosa, Chrysal) and were held in standard experimental conditions 

for the duration of the experiment. For each stage of necking (Straight, <90˚, 

>90˚), 2cm stem sections were cut using a sterile razor blade and flash frozen in 

liquid nitrogen (Figure 35). Samples were taken within 5-7 days of being placed in 

a vase, as the necking stages appeared and were stored at -80˚C until RNA 

extraction. Straight (control) peduncles were sampled at each time point to 

account for any variability in the collection period. Vase life and sampling for 

replicate 1 was carried out in November 2015, with replicates 2 and 3 carried out 

in October the following year.  
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Figure 35. Stages of necking sampled for RNA sequencing. For each of the three stages 
(Straight, <90˚, >90˚), 2 cm stem sections were cut ~1 cm below the flower head as 
indicated by the dashed white lines. 

 

5.2.2 RNA extraction 

Samples were ground to a fine powder in liquid nitrogen using an autoclaved 

pestle and mortar. For each stage, three peduncle sections were ground to 

produce one pooled sample (Figure 36). This was repeated for each of the three 

replicates (1, 2, 3) to form nine pooled samples. 
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Figure 36. RNA extraction and sequencing of pooled samples. Diagram is representative 
of one replicate; this process was repeated three times to produce a total of 9 sequenced 
samples.  

 

Total RNA was extracted from each sample using the RNA extraction method 

devised by Moazzam Jazi et al. (2015), adapted for use with 1.5 mL 

microcentrifuge tubes as described in 2.4.  

5.2.3 Genomic DNA removal 

Genomic DNA (gDNA) contamination was removed from the RNA samples using 

the RapidOut DNA removal kit (Thermo Scientific) following the standard 

protocol. DNase buffer with MgCl2 (1 µL of 10X), and 0.5 µL of RNase free DNase 

I were added to 1 µg of RNA and adjusted to a total volume of 10 µL with 

nuclease-free water in 1.5 mL RNase free microcentrifuge tubes. Samples were 

vortexed briefly to mix and left to incubate at 37 ˚C for 30 mins to allow for 

cleavage and degradation of any gDNA present. To each tube, 1 µL of DNase 

Removal Reagent (DRR) was added and left to incubate at RT for 2 mins with 

gentle vortexing to re-suspend the DRR every 40 secs. Following incubation, 

samples were centrifuged at 1000 x g for 1 min to pellet the DRR, and the 
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supernatant carefully transferred to new RNase free microcentrifuge tubes. All 

samples were then checked on a 1 % agarose gel made up with 1 x Tris-Borate-

EDTA (TBE) buffer and stained with (1 µL per 10 mL) SYBR Safe DNA gel stain 

(Invitrogen) to verify successful gDNA removal. RNA quality and yield were 

measured with a Nanodrop spectrophotometer as described in 2.4.3. 

5.2.4 RNA sequencing 

All samples were quality tested using a Qubit fluorometer and then sequenced 

using an Illumina NovaSeq 5000 to produce paired-end reads for each sample. 

These steps, as well as the library preparation, were completed by Angela 

Marchbank in the Genomics Research Hub, School of Biosciences at Cardiff 

University. 

5.2.5 De novo transcriptome assembly 

Bioinformatic analysis was carried out using the Advanced Research Computing 

at Cardiff (ARCCA), a supercomputer running Unix. This was accessed remotely 

using MobaXterm Personal Edition v10.2 (Mobatek, 2008), with Unix scripts 

written and edited using Notepad++ v7.3.3 (Ho, 2017). Files were uploaded to 

the server and managed using the FTP software FileZilla Client v3.34.0 (Kosse, 

2018).  

The quality of the raw paired-end reads was assessed using the quality control 

tool FastQC v0.11.2 (Andrews, 2014). Forward and reverse reads from each 

sample were then assembled into a reference transcriptome using the Trinity 

software package v2.3.2 with default settings (Grabherr et al., 2011). Prior to 

assembly, Trimmomatic v0.35 was run as part of the Trinity pipeline to remove 

low quality reads and bases from the data, using default settings with a 4 bp 

sliding window trimmer (min. score of 5) and a minimum read length of 25 bp 

(Bolger et al., 2014). Reads were then sequentially passed through the three 

modules of the Trinity pipeline: Inchworm, Chrysalis and Butterfly (Figure 37).  
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Figure 37. Trinity assembly pipeline, showing the three consecutive modules: Inchworm, 
Chrysalis and Butterfly. Figure adapted from Haas et al., (2013). 

 

Beginning with the Inchworm module, reads were assembled into unique 

sequences of transcripts in a six-step process, to produce one representative 

transcript for a set of alternative variants with shared k-mers. Related contigs 

were then clustered through the Chrysalis module, with a de Bruijn graph 

produced for each of the clusters to represent the complexity of overlaps between 

the variants. Finally, the Butterfly module analysed the read paths along with the 

de Bruijn graphs to reconstruct all plausible full-length transcripts, forming the de 

novo transcriptome. Distinct isoforms were produced for paralogous genes and 

splice isoforms. (Grabherr et al., 2011; Haas et al., 2013)  

The de novo transcriptome was annotated by running a blastx alignment against 

Fragaria vesca (Hawaii_1.0), Arabidopsis thaliana (TAIR10) and Rosa chinensis 

(Old Blush-v2). Alignments were performed using Blast+ 2.2.29 (Altschul, 1997) 

with an e-value cut-off of 1e-5. 
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5.2.6 Alignment to the Rosa chinensis Old Blush reference genome 

The Galaxy web platform and public server at usegalaxy.org was used to process 

and analyse the raw sequencing data (Afgan et al., 2016) using the pipeline 

outlined (Figure 38). The Rosa chinensis Old Blush v2 reference files used for 

assembly and annotation were obtained through the Genome Database for 

Rosaceae (GDR), a web-based resource for Rosaceae research (Jung et al., 

2014; Raymond et al., 2018).  

Adapters were removed and low-quality reads were filtered and trimmed using 

Trim Galore! v0.4.3.1 (Krueger, 2017). Default advanced settings were used on 

the paired end reads, with a phred quality score (Q score) cut off of 20 applied 

and trimming of 1 base pair at the 3’ end of every read turned off. The trimmed 

reads were then aligned to the Rosa chinensis Old Blush homozygous genome 

v2 (Raymond et al., 2018) to create bam files for each sample, using HISAT 

v2.1.0 (Kim et al., 2015) with default settings. Using the Rosa chinensis gene 

model as a guide, read counts were produced per exon for each bam file using 

DEXSeq count v1.20.1 (Anders et al., 2012), with a minimum alignment quality 

threshold of 10. 

Homology of the Rosa chinensis genome with Arabidopsis thaliana (TAIR10) 

proteins is publicly available through the GDR (Jung et al., 2014) and was 

completed by pairwise sequence comparison using the Blastp algorithm with an 

e-value cut off of 1e-6. Annotation of the genome alignment transcriptome with 

Arabidopsis thaliana identifiers was completed using the VLOOKUP tool in 

Microsoft Excel, with the GDR best hit homology report as a search file and the 

Rosa chinensis identifiers as a corresponding reference. 
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Figure 38. Bioinformatics workflow for the Rosa chinensis genome guided alignment 

 

 

5.3 Results 

5.3.1 Raw sequence data 

Millions of paired-end reads were produced through the RNA extraction and 

sequencing of rose peduncle tissue for each of the three stages of necking. 

Replicate 1 samples were sequenced at a greater read depth, prior to replicates 

2 and 3, as seen by the higher read counts for replicate 1 samples (Table 12). 

FastQC analysis of raw reads flagged no sequences for poor quality and showed 

a mean quality score of 35 (Figure 39) for all samples. A quality score (Q score) 

is logarithmically related to the probability of a base being called incorrectly, with 

a Q score of 30 representing a 99.9 % base call accuracy, or an error rate of 1 in 

1000 (0.1 %). A warning is displayed if the mean quality peak has a Q score 
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below 27 or a 0.2 % error rate, therefore a mean Q score of 35 as found in this 

study is indicative of high read quality (Babraham Bioinformatics, 2019a). 

 

Table 12. Total number of paired-end reads in millions per sample 

Values are shown to 3 significant figures. 

 

 

Figure 39. Mean sequence quality score of raw reads. The graph was produced using 
FastQC (Andrews, 2014) for sample Str_2 read 1 and is representative of the dataset.  

 

5.3.2 De novo transcriptome assembly 

Trimmomatic trimming removed 0.8% of reads due to being unpaired or below 

threshold quality or length, leaving a total of 336,692,226 paired-end reads to be 

passed into the Trinity assembly pipeline. The ARCCA supercomputer enabled 

Stage Replicate 1 Replicate 2 Replicate 3 

Straight 62.5 23.5 27.0 

<90 73.5 27.7 25.0 

>90 51.6 22.6 26.1 
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this large amount of sequencing data to be assembled into a Trinity transcriptome 

of 203,565 contigs with unique identifiers.  

 

Through a Blastx analysis, a total of 67.3 % of the transcriptome contigs were 

aligned to either rose, Arabidopsis or strawberry (E-value 1e-5; Figure 40). As 

expected, the rose genome provided the largest number of hits to the de novo 

assembled transcripts, covering 66.5 % of the transcriptome, with 25 % and 11 

% more hits than Arabidopsis and strawberry respectively (Table 13).  

 

 

Figure 40. Number of overlapping homologous genes. Comparison of Blastx alignments 
against Arabidopsis thaliana (TAIR10), Fragaria vesca and Rosa chinensis. (%) 
percentage of total identified. E value cut off of 1e-5. The Venn diagram was produced 
using Venny 2.1.0 (Oliveros, 2015) 
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Table 13. Number of unique accession codes following Blastx alignment 

 

E value cut off of 1e-5. 

 

5.3.3 Reference-based assembly 

 

The Trim Galore! tool trimmed the remaining Illumina adapters from 35 % of the 

forward and 33 % of the reverse raw reads and removed 1.9 % of reads due to 

being unpaired or below threshold quality or length. The remaining paired end 

reads showed an improved base sequence Q score, compared to raw untrimmed 

reads (Figure 41). As can be seen by the shift of the lower 90 % data points from 

the red, ‘poor’ quality zones, to the green and orange ‘very good’ and ‘acceptable’ 

quality zones (Babraham Bioinformatics, 2019b). Along with an increase in the 

tail end mean Q score of the reads, shown by the blue line.   

 

Alignment of the Trim Galore! trimmed reads to the Rosa chinensis Old blush 

genome with HISAT2 achieved an overall average read alignment rate of 87.6%, 

with an average of 86.5 % for replicate 1 reads sequenced at a deeper read depth 

and an average 88.1 % for the replicate 2 and 3 reads (Table 3). Although Trim 

Galore! removed a greater number of reads due to low quality than Trimmomatic, 

the percentage alignment rate represents a higher number of mapped reads than 

was achieved with Trimmomatic trimmed or raw reads. 
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Figure 41. Base sequence quality scores pre and post trimming with TrimGalore!. Graphs 
were produced using FastQC (Andrews, 2014) and are shown for reads of ‘Str_2’ as a 
representative of the dataset. The blue line represents the mean quality of the reads, the 
yellow box represents the inter-quartile range (25-75 %) and the upper and lower 
whiskers represent the 10 % and 90 % data points. The background colours divide the 
y-axis quality scores into very good (green), acceptable (orange) and poor (red) 
(Babraham Bioinformatics, 2019b). 
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Table 14. Alignment statistics of reads to the Rosa chinensis genome 

 

 

A total of 38,956 unique Rosa chinensis genes were identified across all samples, 

with 34,252 (87.9 %) of the genes appearing in all three of the necking stages. 

Stage >90 consistently had the lowest number of identified genes within each of 

the replicates with an average 33,235 unique genes identified, 354 (1.1 %) and 

469 (1.4 %) less genes on average than stage Str and <90 samples. (Table 14)  

 

Following alignment to the Rosa chinensis vs. Arabidopsis thaliana GDR Blastp 

file, 76.2 % of the 38,956 total identified genes had homology to Arabidopsis 

thaliana (TAIR10) proteins. This resulted in 14,983 unique TAIR10 identifiers, 

equal to 95.3 % of the total TAIR10 proteins with homology to the Rosa chinensis 

genome as seen in Figure 42. 
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Figure 42. Proportion of Arabidopsis thaliana TAIR10 proteins with homology to the Rosa 
chinensis genome (left-hand pie chart), and the sub proportion with homology to the 
genome alignment transcriptome (right-hand pie chart). Homology Blastp alignment to 
TAIR10 was carried out with an e-value cut off of 1e-6 and is publicly available through 
the Genome Database for Rosaceae (GDR; Jung et al., 2014).  

 

5.4 Discussion 

De novo assembly methods have been used successfully in many studies and 

have allowed for the progression of transcriptomic studies on non-model 

organisms (Garcia-Seco et al., 2015; Zhang et al., 2015; Li et al., 2014). The 

Trinity pipeline for de novo transcriptome assembly has been shown to be 

superior to other de novo transcriptome assemblers such as ABySS and 

SOAPdenovo in its ability to produce full-length transcripts and is equal to 

genome alignment methods in some organisms (Grabherr et al., 2011). It was 

therefore used in this study as a comparative method. A Blastx alignment of the 

de novo reference transcriptome to the Fragaria vesca genome provided hits for 

59.1% of the contigs (e value cut off 1e-5; Figure 40; Table 13). This is in line with 

the transcriptome study by Koning-Boucoiran et al. (2015), who found that 60.7% 

of their rose de novo transcripts mapped to strawberry genes. Prior to the release 

of the Rosa chinensis genome in 2018, strawberry was the closest related 
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species for which a genome sequence was available and therefore provides 

validation for the success of the Trinity de novo assembly produced in this study.  

 

De novo pipelines have high memory workloads and often require specialist 

supercomputers such as the ARCCA (used in this study) to meet the processing 

requirements of the programmes. Supercomputers such as the ARCCA also 

require an understanding of Unix script to control the set up and parameters of 

jobs. The production of the Rosa genome has allowed rose research to move 

away from de novo assemblers, towards faster genome alignment methods with 

lower memory requirements which can be run through freely available web 

resources such as usegalaxy.org (Galaxy) as used in this study (Afgan et al., 

2016; Hibrand Saint-Oyant at al., 2018; Kim et al., 2015; Raymond et al., 2018). 

Unlike the ARCCA, Galaxy does not require knowledge of Unix script but instead 

comes pre-loaded with a set of ‘tools’ within a user-friendly interface, therefore 

making workflows highly accessible and reproducible (Afgan et al., 2016). 

 

Mapping of reads to a reference genome is a key stage in the success of 

transcriptomic data analysis, and alignment success can be attributed to the 

quality of the genome available. As the Rosa genome has been stated to be ‘one 

of the most contiguous plant genomes to date’ (Raymond at al., 2018), it can be 

assumed that a high alignment rate will yield reliable results for downstream 

analysis.  The mapping programme HISAT combines a novel hierarchal indexing 

strategy with specifically designed alignment algorithms to provide improved 

speed and reduced memory requirements (Kim et al., 2015). HISAT has been 

shown to outperform or be on par with other much slower aligners such as 

TopHat2 (Baruzzo at al., 2017; Kim et al., 2015, Medina et al., 2016), and was 

found here to effectively align more reads than other aligners tested, including 

Bowtie2 (data not shown). The 87.6 % average alignment rate in this study falls 

within the range accomplished within recent Rosacea studies; with 78.2 % 

achieved for pear (Pyrus pyrifolia) RNA seq reads aligned against the Pyrus 

bretschneideri ‘Dangshansuli’ genome assembly (Li et al., 2019; Xue, et al., 

2018) and 95.2 % achieved by Silva et al., (2019) for Malus x domestica against 

the Malus x domestica GDDH13 v 1.1 reference genome (Daccord et al., 2017).  
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Multicellular organisms can have expression patterns that are highly tissue or 

organ specific, resulting in a low abundance of genes in some RNA datasets 

(Vaattovaara et al., 2019). However, the total 38,956 unique genes identified in 

the reference alignment represents a substantial 85.7 % Rosa chinensis genome 

coverage. Just over 18 % greater genome coverage than was found for the de 

novo transcriptome. Arabidopsis thaliana is the model species for plant research 

and therefore has a high-quality genome with the latest and most thoroughly 

verified gene annotations due to continuous input from the scientific community 

(Vaattovaara et al., 2018). Homology searches to A. thaliana proteins can 

therefore be beneficial for inferring gene function, for comparative analysis to 

novel studies and for use in downstream pathway analysis and gene ontology 

programmes such as AgriGo, DAVID and Mapman which are not yet compatible 

with new gene identifiers in their default set up (Du et al., 2010; Huang et al., 

2009; Thimm et al., 2004). Blast alignment of the two transcriptomes to A. 

thaliana provided differing numbers of TAIR10 identifiers, this time with the de 

novo transcriptome showing a 7.7 % higher TAIR10 genome coverage than the 

reference aligned transcriptome (Table 13; Figure 42). The TAIR10 identifiers 

associated with the reference aligned transcriptome, were limited to those 

identified to have homology to the Rosa genome by GDR. Therefore, it is possible 

that some of the TAIR10 identifiers associated with the de novo transcriptome do 

not share homologous genes in Rosa chinensis but do in Rosa hybrida cv H30. 

It is also possible that the increase in homologous genes is due to the mis-

alignment of lower quality reads or contamination within the de novo assembly 

(Sangiovanni et al., 2019). However, consideration should be taken when 

comparing the two transcriptomes directly as different methods were used to both 

generate and annotate the genes, making results from each difficult to assess.  

 

Another approach not tested in this study would be to combine both methods, in 

a reference guided transcriptome assembly. This method can reduce the 

complexity of a de novo assembly with the assistance of a reference genome and 

has been found to produce a better assembly than a regular de novo assembly 

(Lischer & Shimizu, 2017). Allowing for divergent regions to be included into the 

transcriptome which may be lost with a standard reference alignment method. 

However, although memory requirements are lower with this approach compared 
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to a de novo assembly, run times are much longer therefore access to specialist 

computing equipment may still be required.  

 

5.5 Conclusions 

Rosa hybrida peduncles at three stages of necking were successfully sequenced 

to produce millions of high-quality reads. Both the de novo transcriptome 

assembly and the reference genome alignment transcriptome methods proved to 

be successful and therefore provide a huge new resource for studying peduncle 

necking. However, as a standard de novo approach to assembling R. hybrida 

sequencing data did not appear to be of increased benefit, the reference aligned 

transcriptome was used in further analysis to explore the potential molecular 

mechanisms associated with the necking phenomenon.
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Chapter 6 Differential gene 

expression and pathway 

analysis of Rosa hybrida cv. 

‘H30’ at three peduncle 

necking stages 
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6.1 Introduction 

Necking is thought to be initiated by a blockage of the xylem, causing a reduced 

uptake of water and a bending of the peduncle. However, it is unknown if this is 

a purely physical (passive) process or if molecular mechanisms are involved. 

Differential expression analysis of RNA sequencing data is a widely adopted 

method for determining differences in expression between treatments and has 

previously been used to identify transcriptional changes associated with petal 

development in Rosa chinensis and floral transitioning in Rosa odorata (Han et 

al., 2017; Guo et al., 2018). Differential expression analysis can be performed 

from gene counts using programmes such as RSEM, EdgeR and DESeq2 to 

produce a list of significantly up and down regulated genes, with the expression 

level and the magnitude of difference reported for each gene (Li & Dewey, 2011; 

Robinson et al., 2009; Love et al., 2014). Which can then be analysed by a 

multitude of tools, packages and databases to uncover biologically meaningful 

information from the data.  

Gene set enrichment analysis is a high-throughput method for gene expression 

analysis and helps to identify key biological processes, molecular mechanisms 

and cellular components associated with a dataset.  Gene set enrichment 

analysis includes both singular enrichment analysis (SEA) and parametric 

analysis of gene set enrichment (PAGE). SEA can be used to identify enriched 

gene ontology (GO) terms from a list of genes, with enrichment levels calculated 

against expected (pre-calculated) background levels. Results are reported as p 

values usually using a Fishers exact or a binomial probability test with multi-test 

adjustment. PAGE also identifies enriched GO terms but unlike SEA, PAGE takes 

expression level into account and can deal with whole gene sets, with statistical 

enrichment determined using the central limit theorem and results reported as 

two-tailed Z scores (Huang et al., 2008; Kim & Volsky, 2005). Many web analysis 

platforms such as DAVID which can complete enrichment analysis are tailored 

towards analysis of data from humans or of human diseases in model species 

However, the web platform agriGO, was designed specifically for the analysis of 

data from plant and agricultural species and is therefore more suitable for data 
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acquired from plants such as Rosa hybrida. (Du et al., 2010; Tian et al., 2017; 

Huang et al., 2009).  

The STRING database (‘Search Tool for Retrieval of Interacting Genes/Proteins) 

combines all publicly available information regarding known and predicted 

protein-protein interactions, with interaction data stemming from genomic context 

predictions, high-throughput lab experiments, co-expression, text-mining and 

from other knowledge databases. The STRING database features around 24.6 

million proteins, covering 5090 organisms and has been awarded the status of a 

European Core Data Resource by ELIXIR, a European initiative for sustainable 

bioinformatics infrastructure and is therefore freely available under the Creative 

Commons Attribution license (Szklarczyk et al., 2018). As well as reporting 

protein interaction networks and information, STRING can also perform 

enrichment analysis with either a small subset of genes using SEA or on whole 

gene-sets with PAGE and display results combined from other databases such 

as KEGG and Gene Ontology for pathway mapping and gene function enrichment 

(Kanehisa, 2017; Ashburner et al., 2000; The Gene Ontology Consortium, 2018).  

Alternatively, differential expression data can be analysed to determine the 

expression of transcription factors using the plant transcription factor database 

(Jin et al., 2016). Transcription factors act as molecular switches, regulating gene 

expression by binding to promotor regions of genes. By activating and repressing 

gene expression, transcription factors can induce a cascade of molecular 

responses through signalling pathways and therefore have essential roles in plant 

stress responses (Joshi et al., 2016). Plant transcription factors are arranged into 

gene families dependent on their DNA binding domains and into sub-families 

dependent on auxiliary domains (Figure 43;  Jin et al., 2013). The Rosa chinensis 

genome currently has 1938 identified transcription factors, classified into 57 

families and sub families of which WOX, MYB, bHLH, ERF, NAC, B3, C2H2, 

WRKY, MYB-related and GRAS represent the top 10 largest transcription factor 

families for Rosa chinensis (PlantTFDB v5.0, 2019). WOX and GRAS family 

transcription factors have primary roles in plant growth and developmental 

processes however ERF, NAC and WRKY families also have roles in abiotic and 

biotic stress responses, hormonal signal transduction and senescence (Graaff et 
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al., 2009; Bolle, 2004; Koyama, 2014; Nakano et al., 2006; Zhuo et al., 2018; 

Bakshi & Oelmüller, 2014). Analysing the expression of these transcription 

factors can therefore help to both identify the initial response and understand the 

complex web of downstream molecular responses. 

 

Figure 43. Transcription factor family assignments. DNA binding sites and auxiliary 
binding sites are shown by orange and blue boxes respectively. Forbidden domains 
shown in purple infer a lack of transcriptional activity of a transcription factor. Proteins 
containing a forbidden domain are excluded from family classification (red dashed line). 
Superfamilies are outlined in grey boxes. Figure from Jin et al. (2013). 

 

Aquaporins are small transmembrane proteins important for the transport of 

water and small neutral solutes across biological membranes (Maurel et al., 

2008). Aquaporins can be divided into sub families including plasma membrane 

intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), Nodulin-like intrinsic 

proteins (NIPs) and the less well characterised small basic intrinsic proteins 

(SIPs) (Šurbanovski et al., 2013). PIPs make up the largest sub family and are 

known to be highly responsive to environmental stimuli including cold, salt, 

drought stress and microbial infection to help control and maintain water 

homeostasis (Šurbanovski et al., 2013; Kayum et al., 2017). It is hypothesised 

that aquaporins may therefore be differentially expressed in necking peduncles, 
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along with other water stress responsive genes as necking is thought to be water 

stress related. 

Senescence is an active process whereby nutrients are remobilised, eventually 

leading to cell degradation with the initiation of programmed cell death (Rogers, 

2011). Senescence can be either age-dependent or stress induced and initiated 

by reproductive development, phytohormonal changes and age, or by pathogen 

infection, salinity, drought, environmental toxins, extremes of temperature or light 

and nutrient deficiency respectively (Podzimska-Sroka et al., 2015). As 

senescence involves many molecular mechanisms and is extremely complex, the 

potential involvement of senescence in necking may be missed through 

conventional enrichment analysis methods. Expression of senescence genes 

was therefore determined in a targeted approach, using senescence as a search 

term within Uniprot to compile a database of all known senescence associated 

genes for analysis. 

Differential expression analysis was carried out on RNA sequencing data for 

three stages of necking in Rosa hybrida cv. H30. Analysis by both enrichment 

analysis methods and through targeted searches identified potential 

transcriptomic changes associated with the necking process and will be 

discussed. 

 

6.2 Methods 

6.2.1 Rosa chinensis Old Blush genome guided transcriptome assembly 

Rosa hybrida cv. H30 peduncle sections were sampled at three necking stages 

straight (Str), less than 90° (<90) and at equal to or more than 90° (>90) of 

peduncle bending. The RNA was extracted, processed and sequenced as 

described in 2.4 to provide three replicates for each necking stage. Sequenced 

reads where then aligned to the Rosa chinensis Old Blush genome as previously 

described Chapter 5. 
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6.2.2 Differential expression analysis 

Differential expression analysis was completed using the Galaxy web platform 

available at usegalaxy.org (Afgan et al., 2016). Read count files produced by 

DEXSeq count v1.20.1 (Anders et al., 2012, 5.2.6) were pre-processed using the 

text manipulation tool ‘Remove beginning’ v1.0.0 to remove heading text before 

being input into the differential expression analysis tool DESeq2 v2.11.40.1 (Love 

et al., 2014). Two factors were considered in the statistical model, necking stage 

and sequencing year. Necking stage was used as the primary factor for 

differential gene expression and included the three factor levels Str, <90 and >90. 

Sequencing year was included as a secondary factor to account for the difference 

in sequencing depth used between the two sequencing runs, with replicate 1 

samples run in 2016 and replicate 2 and 3 run together at a shallower depth in 

2017. A linear model was used as a best fit for the sequencing data and default 

outlier replacement, outlier filtering and DESeq2 independent filtering was turned 

on. For each of the three comparison groups (<90 vs Str, >90 vs Str, >90 vs <90) 

a differential expression table was produced, listing the mean average count, the 

log2 fold change and the p value for each gene. A false discovery rate (FDR)-

adjusted p-value threshold of <0.05 was applied to the differential expression 

data to account for multiple testing.  

6.2.3 Gene ontology analysis 

The Rosa chinensis genome has been functionally annotated using InterProScan 

to assign gene ontology (GO) terms to the proteins, with annotation files publicly 

available through GDR (Jung et al., 2014). Using this resource, the three 

differential expression tables produced by DESeq2 for each comparison were 

annotated with their corresponding GO terms through the Join to files tool v1.1.1 

in Galaxy. GO terms were then grouped into broader Plant GO slim biological 

process groups for visual analysis.  

6.2.4 Parametric Analysis of Gene Set Enrichment (PAGE) and Singular 

Enrichment Analysis (SEA) 

Singular enrichment analysis (SEA) and parametric analysis of gene set 

enrichment (PAGE) were used to identify enriched GO terms in the >90° vs 
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Straight gene set. Both AgriGO v2.0 the web-based tool for gene ontology (Tian 

et al., 2017) and the STRING database for protein-protein interactions 

(Szklarczyk et al., 2018) were used for enrichment analyses, using Arabidopsis 

thaliana (TAIR10) identifiers. Annotation of the R. chinensis genes with A. 

thaliana identifiers was completed as previously described (Chapter 5). Plant GO 

slim terms were used for AgriGo analysis, with a minimum of 10 mapping entries. 

An FDR multi-test p adjustment method was applied to all analyses, with a 

‘medium’ p adjust. <0.05 threshold set for STRING functional enrichment. For 

PAGE enrichment analysis, Log2 FC values were input alongside the TAIR10 

identifiers for z-score calculations.  

6.2.5 Analysis of differentially expressed transcription factors (TFs) 

A list of the known transcription factors for Rosa chinensis was downloaded from 

the Plant transcription factor database (PlantTFDB) v5.0 (Jin et al., 2016). The 

1938 transcription factors categorised into the 57 families were matched to Rosa 

chinensis identifiers using the Excel VLOOKUP tool to identify all the differentially 

expressed transcription factors within the DESeq2 comparison lists (p adjust 

<0.05). 

6.2.6 Expression analysis of senescence associated genes 

All genes associated with the term ‘senescence’ for Arabidopsis thaliana were 

downloaded from uniprot and matched against the >90 vs Straight dataset using 

the Excel VLOOKUP tool. Identified genes were then analysed using the STRING 

database for protein-protein interactions to determine gene connections within 

the dataset (Szklarczyk et al., 2018). 

 

6.3 Results 

6.3.1 Differential gene expression and gene ontology overview 

Following differential expression analysis with DESeq2, a total of 3,647 genes 

were found to have significant differential expression across all three comparison 

groups at a p adjusted threshold of <0.05 (Figure 44). As expected, comparison 
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between >90° and Straight resulted in the largest number of up- and down-

regulated genes, with a total of 3,598 differentially expressed genes (Table 15).  

Necking stages <90° and Straight were shown to have the least differences in 

gene expression, with just 56 differentially expressed genes identified. Across 

both <90° vs Straight and >90° vs <90° contrast groups, more statistically down-

regulated than up-regulated genes were discovered with 39.2 % and 12.6 % more 

down-regulated genes respectively (Table 15). Although >90 vs Straight showed 

the opposite trend, there was just a 0.8 % increase in the number of up-regulated 

to down-regulated genes.  

 

Table 15. Differential expression gene counts 

 

P.adjust <0.05 
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Figure 44. Overlapping differentially expressed genes between the three comparison 
groups of necking stages (p adjust. <0.05). The Venn diagram was produced using 
Venny 2.1.0 (Oliveros, 2015). 

 

To compare expression between the three necking comparisons, overlapping 

genes in more than one comparison group were functionally annotated with gene 

ontology terms. Of the 761 overlapping genes (shown in grey, Figure 44), 234 

genes were assigned a biological process GO term and could be arraged into 

biological process heatmap as shown in Figure 45.  In general, genes involved 

with protein phosphorylation, protein ubiqutination and proteolysis were down-

reglated and genes involved with protein de-phosphorylation and protein 

glycosylation were shown to be up-regulated in >90° necking peduncles. For 

metabolic processes (including carbohydrate metabolism and oxidation-

reduction), regulation of transcription and transmembrane transport both an up- 

and down- regulation of genes can be seen across the necking stages. Down-

regulation of genes involved with starch biosynthesis, photosynthesis, 

phosphorelay signal transduction and metal ion transport can be seen for >90° 

stage necking peduncles, when compared to straight (control) and <90° 
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peduncles. In contrast microtuble-based process, lipid metabolism and response 

to stimuli related genes showed down-regulation in both <90° and >90° necking 

stages in comparison to Straight (control) genes, and trehalose biosynthesis 

genes showed up- reguation. Of the biological processes represented, protein 

metabolism, metabolism (general) and transport were the three largest gene 

clusters.  

 

Figure 45. Biological process heatmap of overlapping differentially expressed genes (p 
adjust <0.05). Up (red) and down (blue) differential expression is shown for each 
comparison on a log2 fold change scale. Rosa chinensis identifiers are arranged in 
biological process clusters for genes with significant expression in at least two 
comparison groups. The heatmap was created using Morpheus with manual annotations 
(Morpheus, https://software.broadinstitute.org/morpheus ). 
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6.3.2 Enrichment analysis of >90 vs Str differentially expressed genes 

As the >90 vs Straight comparison yielded the largest number of differentially 

expressed genes, this group of genes were further analysed with the enrichment 

analysis tools AgriGO v2 (Tian et al., 2017) and STRING (Szklarczyk et al., 2018) 

using Arabidopsis thaliana (TAIR10) identifiers (Table 15). Of the 3,598 Rosa 

chinensis genes in the >90 vs Straight gene list, 92 % (3,312 genes) were 

assigned a TAIR10 identifier, equalling a total of 2,865 unique TAIR10 identifiers.  

 

6.3.2.1 AgriGO enrichment analysis 

Parametric analysis of gene set enrichment (PAGE) for biological process with 

AgriGO v2 identified more significantly down- than up-regulated GO terms (Figure 

46). Transport (GO:0006810) was found to be a significantly up-regulated, with a 

z score of 4.21 and a total of 315 transport associated genes (p adjust. <0.05). 

Under the parent terms of biological regulation and developmental process: 

growth (GO:0040007), regulation of cell size (GO:0008361) and cell 

differentiation (GO:0030154) all showed significant down-regulation, with 86, 61 

and 107 associated genes respectively (p adjust <0.05). Interestingly, the child 

terms of response to stimulus: tropism (GO:0009606) and response to abiotic 

stimulus (GO:0009628) were also found to be significantly down-regulated with 

310 and 23 identified genes respectively (Figure 46). From the 23 tropism related 

genes identified, 18 were found to be associated with gravitropism and three with 

phototropism. All three phototropism genes (NPH3, PHYB and PKS1) were found 

to be down-regulated. As were all the tropism genes associated with auxin-

activated signalling pathways (ACB1, ABCB19, AUX1, PIN1 and RAC3). (Table 

16) 
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Table 16. Tropism related genes with significant differential expression in >90 when 
compared to straight (control) necking peduncles 

 

 

6.3.2.2 STRING enrichment analysis 

Singular enrichment analysis (SEA) was carried out with STRING (Szklarczyk et 

al., 2018), with statistically up- and down-regulated genes entered separately 

from the >90 vs Straight gene set. Annotation with TAIR10 identifiers resulted in 

762 up- and 1261 down-regulated genes, to a Log2 fold change (FC) of >0.5 and 

<-0.5 respectively (p adjust. <0.05). Analysis of the up-regulated genes identified 

Galactose metabolism (GO:ath00052) to be a statistically up-regulated pathway 

(FDR <0.05; Table 17).Whereas analysis of the down-regulated genes identified 
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photosynthetic pathways (ath00196 and ath00195) and phenylpropanoid 

biosynthesis (ath00940) to be significantly down-regulated (FDR <0.05; Table 18). 

Starch and sucrose metabolism (ath00500) and the more general biosynthesis of 

secondary metabolites (ath01110) and metabolic pathways (ath01100) featured 

on both outputs, suggesting both significant up- and down regulation of genes in 

these pathways (FDR <0.05; Table 17; Table 18). 

 

Table 17. Significantly up-regulated pathways between necking stages >90 and Str 

 

 

Table 18. Significantly down-regulated pathways between necking stages >90 and Str 

 

 

Further analysis of the starch and sucrose metabolism pathway (ath00500) was 

carried out with KEGG (Kanehisa, 2017), using all the up- and down-regulated 

genes with TAIR10 identifiers from the >90 vs Straight gene set as input (p adjust. 

<0.05; Figure 47).  Colour scale annotations of the pathway were carried out to 

hightlight differential expression, with red indicating up-regulated and blue 

indicating down-regulated genes at each enzyme commission number (EC 

number). EC numbers are not specific to an enzyme but to an enzyme-catalysed 

reaction, therefore multiple genes (enzymes) may be associated with the same 

EC number (Kanehisa, 2017). Where multiple genes were associated with the 
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same EC number, a count-weighted mean Log2 FC was calculated and the 

representative colour for the average Log2 FC shown. 

The large and small subunits for ADP glucose pyrophosporylase, APL1 and 

ADG1, were both shown to be down-regulated with an average Log2 FC of -0.99 

at EC: 2.7.7.27. The glucose-starch glycosyltransferase, GBSS1 at EC: 2.4.1.242 

was also found to be down-regulated with a Log2 FC of -0.75, together indicating 

a reduction in starch biosynthesis in >90° necking peduncles in comparisson to 

straight peduncles (Figure 47). Genes involved with starch catabolism, α-amylase 

AMY2 (EC: 3.2.1.1) and β-amylase BAM1 (EC: 3.2.1.2) were both found to be 

up-regulated. Although β-amylase 2 (BAM2) was found to be downregulated at 

EC: 3.2.1.2, there was a mean up-regulation of 0.93 (Log2 FC) of BAM1 and 

BAM2. However, the enzymatic activity of BAM2 is also known to be much 

weaker than BAM1, therefore and an overall increase in starch breakdown is 

likely (Figure 47; Fulton et al., 2008).  

A down-regulation of glycosidase genes including glucan endo-1,3-β-glucosidase 

genes 1, 2 and 4 at EC: 3.2.1.39 and glycosyl hydrolase 9B1, 9B3 and 9C2 at 

EC: 3.2.1.4, indicate a reduction in 1,3-β-Glucan and cellulose degradation 

(Figure 47). However, up-regulation of genes involved with the conversion of UDP-

glucose to sucrose and D-fructose, sucrose to D-glucose and D-fructose, D-

fructose to D-fructose-6P and D-glucose to D-glucose-6P could all be seen. 

Togther these lead to a potential increase in both D-fructose-6P and D-glucose-

6P for use in glycolysis. Trehalose biosynthetic genes were also shown to be up-

regulated, including trehalose-phosphatase/synthase 9 and 11 and trehalose-6-

phosphate phosphatase G and J.  No trehalase genes were found to have 

significant differential expression in the >90 vs Straight comparisson, indicating a 

potential increase in trehalose accumulation. 
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As well as SEA, PAGE analysis was also carried out with STRING, using the 

entire >90 vs Straight dataset and corresponding Log2 FC values (p adjust, 

<0.05). Enrichment analysis of gene functions revealed water channel activity to 

be significantly enriched, with an enrichment score of 4.10. Out of the nine 

aquaporin genes identified, eight showed down-regulation (Figure 48). TIP1-2 was 

the only water channel gene to be up-regulated. However, TIP1-2 also had the 

lowest mean count of all the aquaporin genes, with an average count of just 34 

compared to an average count of over 9,500 for PIP2-7 and almost 1,400 for 

TIP4-1. Epidermal patterning factor and stomatal complex development genes 

were shown to be enriched ‘network neighbours’, with an enrichment score of 

5.67.  All of the four genes associated to this term, epidermal patterning factor 4, 

6 and 8 and a LRR receptor-like protein kinase ‘ERECTA’ were found to be 

significantly down-regulated in >90° necking peduncles when compared to 

Straight (control) peduncles (Table 19). 

 

Figure 48. Aquaporin genes with differential expression between necking stages >90 
and straight (p adjust. <0.05) Aquaporin genes are labelled with Rosa chinensis 
descriptive IDs. 
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Table 19. Epidermal patterning factor and stomatal complex development genes 

 

 

6.3.3 Differential expression analysis of transcription factors (TFs) 

Annotation of the >90 vs Straight and <90 vs Straight against the transcription 

factor gene list identified 225 genes from 43 transcription factor families to be 

differentially expressed in at least one of the two contrast groups (p adjust. <0.05; 

Figure 50A). Growth regulating factor (GRF), squamosa promoter binding proteins 

(SBPs), TCP, YABBY and Zinc-finger homeodomain (ZF-HD) transcription factor 

families all showed down-regulation for the >90 vs Straight differentially 

expressed genes (Figure 50B & C). GRF, SBP and YABBY also showed down-

regulation for genes in the <90 vs Straight comparison. All of the differentially 

expressed genes in the WRKY transcription factor family, and the majority of 

genes in the MYB-related, NAC and WUS homeobox-containing (WOX) 

transcription factor families showed significant up-regulation (Figure 50). A 

mixture of significantly up- and down- regulated TFs could be seen for ethylene-

responsive factor (ERF) and GRAS transcription factor families in response to 

necking (Figure 50B). 
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Figure 49. Heatmaps of differentially expressed transcription factors. (A) condensed 
heatmap of all transcription factor families, showing median Log2 fold changes. (B) and 
(C) individual heatmaps for transcription factor families showing Log2 fold changes for 
each Rosa chinensis identifier. Up (red) and down (blue) log2 fold changes are shown 
for <90 and >90 in relation to straight (control) peduncles. For each datapoint, there is 
significant difference in expression for at least one comparison group (i.e. >90 vs Str or 
<90 vs Str). Heatmaps were generated using Morpheus with default and ‘collapse 
group’ settings (Morpheus, https://software.broadinstitute.org/morpheus).  
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6.3.4 Analysis of senescence associated genes 

The >90 vs Straight data set was found to have 64 senescence related terms, 

following annotation to the downloaded uniprot gene list. STRING’s multiple 

protein search identified 44 of these genes to have connected nodes, as shown 

in Figure 50. A cluster of 11 autophagy-related gene (ATG) members were found 

to be significantly up-regulated and were all shown to have co-expression, with 

many of the connections having been experimentally determined (Figure 50). 

Histone deacetylase 9 (HDA9) was also shown to be significantly up-regulated, 

with co-expression to APG9 (ATG9). Linking the ATG cluster to the four histone 
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proteins H2AXA, HTB9, HTA12 and AT1G09200, all with significant down-

regulation (p adjust. <0.05). A cluster of three mitogen-activated protein kinases 

(MPKs), MPK1, 4 and 13, and a MPK kinase (MKK2) were also shown to be 

differentially expressed, with MPK13 largest change in expression with a 1.09 

Log2 FC for >90 vs Straight. Histone 3.1 (AT1G09200/ AT5G65360), the 

bidirectional sugar transporter (SAG29) and ribulose carboxylase/oxygenase 

activase (RCA) were the most down-regulated genes with connected nodes, with 

Log2 FC values of -1.16, - 1.09 and -0.91 respectively (p adjust. <0.05; Figure 50). 

Transcription factor TCP9 and mechanosensitive ion channel protein 10 (MSL10) 

were amongst the most down-regulated, with Log2 FC values of -1.02 and -0.99 

(p adjust. <0.05), however neither were shown to have known connections to the 

other senescence genes identified and are therefore not shown in Figure 50. 

Nitrate transporter (NRT1.5) was the most up-regulated of the all the senescent 

related genes identified, with a Log2 FC of 1.71 (p adjust. <0.05, Figure 50). 

NDR1/HIN1-lie protein 10 (YLS9) was the second most up-regulated with a mean 

count of 13,487 and a Log2 FC of 1.64 (p adjust. <0.05). However, YLS9 also 

had no known connections to the other senescence associated genes and was 

therefore also not shown. 
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Figure 50. Protein connections of senescent related genes differentially expressed in 
>90 vs Str. Figure produced using STRING (Szklarczyk et al., 2018). 
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6.4 Discussion 

Differential expression analysis following Rosa chinensis genome alignment 

successfully identified significant changes in gene expression between each of 

the necking stages (Table 15). The <90° necking stage is expected to be the mid-

point between straight and >90° peduncles however, very few significant gene 

expression changes were identified between necking stages <90° and straight in 

comparison to the amount found between >90° and straight following the present 

workflow. The <90° necking stage proved difficult to classify as it is unknown if 

the peduncles harvested would have developed into full >90° necking. Greater 

variance within this stage may therefore have resulted in less gene expression 

changes being deemed ‘significant’ by DESeq2. In order to capture the full array 

of gene expression changes occurring during the necking process, the >90° vs 

straight comparison dataset was used for the majority of initial differential 

expression analyses. 

6.4.1 Enrichment analysis (SEA and PAGE) 

Photosynthesis was shown to be significantly down-regulated in >90° necking 

peduncles in the biological process heatmap and through enrichment analysis 

with AgriGO and STRING (Figure 45; Table 18). HAD9 is known to repress 

photosynthesis related genes and was shown to be up regulated in Figure 50. 

Expression of HAD9 is induced by ABA and salt stress in Arabidopsis thaliana 

and in response to temperature, salt and dehydration but not by ABA in tomato 

(Luo et al., 2017). As necking in Rosa hybrida peduncles is thought to be water 

stress related, it is likely that HAD9 expression may be up regulated in response 

to dehydration. Raffinose production has also been shown to increase in 

response to dehydration along with a down regulation in photosynthesis (Farrant 

et al., 2015). With a potential increase in raffinose production also seen in this 

study, as raffinose is synthesised in the galactose metabolism pathway which 

was found to be significantly up regulated in >90° peduncles compared to straight 

controls (Table 17).   

The starch and sucrose metabolism pathway was also found to be significantly 

expresses in >90° necking peduncles by SEA in STRING (Table 17; Table 18). 
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Starch biosynthesis and photosynthesis are known to be strongly interlinked, with 

starch degradation often increasing in response to a reduction in photosynthesis 

to meet the energy requirements of cells (Zanella et al., 2016). Analysis of the 

starch and sucrose metabolism pathway indicated a significant up-regulation of 

starch breakdown by α-amylase (AMY2) and β-amylase (BAM1) in >90° necking 

peduncles (Figure 47). Under normal conditions BAM1 is not the primary β-

amylase responsible for starch degradation, however expression has been 

shown to increased following osmotic stress (Valerio et al., 2010) and is essential 

for proline accumulation in A. thaliana to provide osmoprotection and protect 

against oxidative damage (Zanella et al., 2016). Both the gene ontology heat map 

and the starch metabolism annotated pathway also indicate an increase in 

trehalose biosynthesis (Figure 45; Figure 47). Trehalose is a non-reducing 

disaccharide which also functions as an osmoprotectant, accumulated in 

response to dehydration to stabilise proteins and membranes (Figueroa & Lunn, 

2016; Iturriaga, Gaff & Zentalla, 2001). These changes in gene expression are 

therefore all consistent with a possible dehydration response in necking 

peduncles. However, the breakdown of starch by BAM1 is generally associated 

with leaf mesophyll cells where starch is primarily stored from photosynthesis 

(Valerio et al., 2010). As necking is associated with a xylem blockage, the 

transport of sugars between the leaves and peduncle may be limited, therefore 

resulting in a potential breakdown of starch by AMY2 and BAM1 within the 

peduncle, both for osmoprotection and if energy requirements are not met. 

Starch containing plastids called amyloplasts are found in the endodermal layer 

of inflorescence stems and sediment in response to gravity (Sack, 1991; 

Nakamura et al., 2001). Amyloplasts are hence important for gravity perception, 

however it is unknown if increased starch degradation in the peduncle would 

include the degradation of amyloplasts as a source of starch in R. hybrida stems 

under osmotic stress and therefore whether this would alter gravity perception in 

the peduncle. In A. thaliana GRAS transcription factor scarecrow (SCR) mutants 

result in the absence of a normal endodermal layer and cause a lack of response 

to gravity (Fukaki et al., 1998). Significant down regulation of SCR and auxin 

associated tropism genes was seen in >90° necking peduncles compared to 

straight control stems, along with a significant down regulation of phototropic 
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genes (Table 16; Figure 49). Tropic responses to gravity and light are active 

processes, therefore it is unclear what potential effect the down regulation of 

these tropism related genes may have on the peduncle. However, 

downregulation of auxin transporters AUXIN1 (AUX1) and PIN1 may alter auxin 

transport and result in an imbalance within the peduncle (Yoshihara & Spalding, 

2019; Swarup & Bhosale, 2019). SHOOT GRAITROPISM9 (SGR9), also found 

to be downregulated, modulates amyloplast dynamics and sedimentation and is 

therefore important for gravity perception (Nakamura et al., 2011). The identified 

tropism genes may therefore be interesting targets for further study, along with 

analysis of amyloplast content and distribution, to determine whether the necking 

phenomenon is associated with a disruption in a tropism response. As 

gravitropism bending sites in inflorescence stems are thought to be at a constant 

distance relative to the flower head, at the point where a gravitropism response 

is most sensitive, this may explain why necking occurs at a relative point in the 

peduncle and not elsewhere on the stem (Wyatt et al., 1997; Weise et al., 2000). 

ERECTA is a transmembrane-type receptor kinase associated with the 

epidermis, phloem and xylem of inflorescence stems (Uchida et al., 2012). 

Ligands EPFL4 and EPFL6 together with ERECTA are involved with procambial 

maintenance and stomatal density (Uchida & Tasaka, 2013). ERECTA, EPFL4 

and EPFL6 have also been shown to regulate elongation of inflorescence stems 

through the modulation of cell size (Uchida et al., 2012). These genes were all 

found to be significantly down regulated in >90° peduncles when compared to 

straight peduncles through PAGE analysis with STRING (Table 19) and therefore 

may also be interesting candidates for future research into necking. In particular, 

it would be interesting to see if expression of these genes is uniform across the 

peduncle, or if a reduction in gene expression only occurs on one side of the stem 

as this could contribute towards stem bending and therefore the necking process.  

PAGE analysis with STRING also identified aquaporin genes to be significantly 

enriched, with the majority showing down regulation in >90° necking peduncles 

compared to straight (Figure 48). Most studies on aquaporin expression in 

Rosaceae species have focused on the expression of PIP1-1 and PIP2-1, neither 

of which were found to be differentially expressed in this study (Liu et al., 2019; 
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Ma et al., 2008; Mut et al., 2008; Šurbanovski et al., 2013). However, Šurbanovski 

et al. (2013) found aquaporin PIP2-2 (homologous to R. chinensis PIP2-4) to 

decrease in expression in response to drought stress in Fragaria vesca 

(strawberry) root and leaf tissue. PIP2-7 has also been shown to be down-

regulated and degraded in response to abiotic stress in A. thaliana, with the 

number of PIP2-7 aquaporins reduced to modulate the osmotic permeability of 

membranes (Wang et al., 2017; Hachez et al., 2014). In this study both PIP2-4 

and PIP2-7 were significantly down-regulated in >90° necking peduncles 

compared to straight controls. This may indicate a stress response within the 

peduncle tissue, with PIP2-4 and PIP2-7 down-regulated to help maintain 

osmotic balance and cell turgor (Figure 48). 

6.4.2 Analysis of differentially expressed transcription factors 

Transcription factors primarily associated with plant growth and development 

including GRF, MIKC-MADS, MYB, SBP, TCP, YABBY transcription factor 

families all showed significant down regulation in necking peduncles (Figure 49; 

Díaz-Riquelme et al., 2008; Kim et al., 2003; Li et al., 2013; Zhang et al., 2019; 

Zhou et al., 2016). WOX and GRAS transcription factor families were the 

exception to this and showed both up- and down regulation in >90° necking stage 

peduncles. However, of the significantly up- regulated GRAS transcription 

factors, SCL15 was found to repress the expression of genes associated with 

seed maturation in A. thaliana, therefore also resulting in the potential down-

regulation of a developmental process (Figure 49; Gao et al., 2015). 

NAC and WRKY transcription factors are both generally associated with stress 

responses and senescence, with most found to be up regulated in necking 

peduncles compared to straight controls (Figure 49C; Koyama, 2014). Specifically, 

NAC transcription factors NAC72, NAC2, NAC100 and responsive to desiccation 

26 (RD26) were all shown to be significantly up regulated in >90° necking 

peduncles and are associated with drought stress responses (Figure 49C).  

NAC72, NAC2 and NAC100 were found to be significantly up regulated in Pyrus 

bretschneideri (white pear) following drought treatment (Gong et al., 2019) and 

RD26 shown to increase expression of drought responsive genes and negatively 

regulates plant growth in A. thaliana (Ye et al., 2017). RD26 and NAC2 (ATAF1) 
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are positive regulators of senescence, with NAC2 found to regulate autophagy 

related genes and RD26 found to induce protein degradation (including 

chloroplast degradation) and increase expression of AMY and SUS starch and 

sucrose catabolism genes (Kamranfar et al., 2018). This is consistent with both 

autophagy as well as starch and sucrose catabolism genes shown to be up 

regulated and photosynthesis down regulated in >90° necking peduncles (Figure 

50; Table 17; Table 18). Unlike the majority of NAC transcription factors, NAC73-

like (homologous to A. thaliana NAC73/SND2) and MYB transcription factor 

MYB103 were both significantly down-regulated in >90° necking peduncles and 

have been found to induce the expression of secondary cell wall biosynthesis 

genes, including cellulose, hemicellulose and lignin biosynthetic genes in A. 

thaliana (Figure 49C; Zhong et al., 2008). This is consistent with the STRING SEA 

analysis as lignin is synthesised in the phenylpropanoid biosynthesis pathway 

which was also found to be significantly down regulated in >90° necking 

peduncles (Table 18). 

ERF (Ethylene-responsive transcription factor) family transcription factors are 

involved with stress responses and senescence, but also have major roles in 

other plant developmental processes and showed significant up and down 

regulation in necking peduncles (Figure 49B; Nakano et al., 2006). Both ABR1-

like and ERF110-like ERF transcription factors were significantly up regulated in 

>90° necking peduncles compared to controls (Figure 49B) and are homologous 

to A. thaliana abscisic acid (ABA) repressor 1 (ABR1). ABR1, also known as 

ERF111 is expressed in A. thaliana in response to abiotic stress including 

wounding (mechanical stress) or reduced levels of oxygen (hypoxia). However, 

contrary to its name, ABR1 is no longer thought to be a negative regulator of ABA 

or thought to be induced by drought stress (Pandey et al., 2005; Bäumler et al., 

2019). As both the control stems and the necking stems are both cut flowers, it is 

unlikely that ABR1 expression is induced due to wounding at the cut stem end. 

However, stems showing necking symptoms may have incurred more damage 

during transport, or it is possible that ABR1 expression may be up regulated in 

necking peduncles due to the mechanical stress of the necking process itself. 
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6.4.3 Analysis of senescence associated genes 

Nitrate transporter NRT1.5 was the most up regulated of all the identified genes 

associated with the term senescence in >90° peduncles compared to straight 

controls and has been found to be up regulated during senescence in A. thaliana 

leaves to remobilise nitrates and ammonium and modulate phosphate levels 

(Figure 50; Havé et al., 2016). NRT1.5 was identified by STRING to be co-

expressed with AT1G08230 (GAT1), a gamma-aminobutyric acid (GABA) 

transporter also significantly up regulated in >90° necking peduncles (Figure 50). 

GAT1 is expressed in response to elevated levels of GABA due to wounding and 

both stress-induced and developmental senescence (Meyer et al., 2006). 

Transcription factor ANAC087 (R. chinensis NAC46-like) positively regulates 

senescence in A. thaliana leaves by promoting the expression of genes 

associated with chlorophyll catabolism including non-yellow colouring 1 (NYC1) 

and pheophytinase (PPH) (Oda-Yamamizo et al., 2016). ANAC087, NYC1 and 

PPH all showed significant increases in expression in >90° necking peduncles, 

correlating with the significant down regulation of photosynthesis related genes 

seen in >90° necking peduncles and also indicating the likelihood of a 

senescence response in >90° necking peduncles (Figure 50; Table 18). 

NYC1 was also connected by STRING to senescence associated gene (SAG) 

15, also known as SWEET15, a sugar transporter whose expression has been 

shown to play a positive role in senescence (Figure 50). SAG29 expression is 

induced in A. thaliana by osmotic stress in an abscisic acid-dependent manner 

(Gao et al., 2016; Seo et al., 2010). However, SAG29 was interestingly one of 

the most down regulated senescence identified genes in >90° necking peduncles 

(Figure 50). SAG29 is thought to be involved with later stage senescence, rather 

than early stage senescence and may regulate cell death, therefore reduced 

expression of SAG29 in necking peduncles could indicate that cells at this stage 

are still viable and not experiencing late stage senescence responses (Seo et al., 

2010). Alternatively, reduced expression of SAG29 may indicate a lack of ABA 

involvement in >90° necking stage processes compared to straight controls, 

however this would need to be experimentally determined.  
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Autophagy is essential for degrading unnecessary or dysfunctional cellular 

components, allowing for nutrient recycling and ensuring cellular and organismal 

homeostasis during stress responses (Batoko et al., 2017). Trehalose has been 

shown to initiate controlled autophagy to protect cells in abiotic stress conditions 

and genes for trehalose synthesis were significantly up regulated in >90° necking 

peduncles (Figure 47; Williams at al, 2015). A potential increase in trehalose may 

therefore in part contribute to the significant up regulation of the 11 autophagy-

related gene (ATG) members seen in >90° necking peduncles (compared to 

controls, Figure 50). These include ATG8 isoforms (ATG8F and ATG8H) which 

are central proteins involved in autophagy and abiotic stress responses, including 

osmotic stress, as well as ATG13a, ATG13b and ATG11 autophagy genes which 

are involved in responses to carbon and nitrogen starvation (Figure 50; Wang at 

al., 2017). 

 

6.5 Conclusions 

This is the first study to explore differential expression changes associated with 

the necking phenomenon in Rosa hybrida following alignment to the Rosa 

chinensis genome and has successfully identified many significant changes in 

gene expression. Several methods were used to analyse the expression data, 

with many of the changes in gene expression relating to dehydration or osmotic 

stress and also wounding. Differential expression analysis of the transcription 

factors and senescence associated genes suggests that developmental 

processes are becoming down regulated in >90° necking peduncles due to 

entering a senescent state. As stems were of the same age and many stress 

associated genes were up regulated, senescence in >90° necking peduncles is 

hypothesised to be stress -induced rather than developmental.  

Due to a lower than expected proportion of significant differentially expressed 

genes in the <90° vs Straight dataset, the >90° vs Straight comparison stage was 

used for the majority of analyses. Expression changes at this comparative stage 

including senescence associated genes are likely to represent genes being 

expressed as a result of necking, rather than potentially being causative to the 

necking process. As the galactose metabolism and phenylpropanoid biosynthesis 
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pathways were both found to be differentially expressed, these have been further 

analysed in (Chapter 7) with qPCR to verify gene expression in >90° and <90° 

stage necking peduncles. The potential involvement of tropism related genes and 

epidermal patterning factor genes in the necking process may also be worth 

investigating in future studies. 
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Chapter 7 Quantitative PCR of 

galactose metabolism and 

phenylpropanoid 

biosynthesis genes in Rosa 

hybrida cv. H30 necking 

peduncles 
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7.1 Introduction 

Necking often results in roses terminating prematurely and causes postharvest 

losses within the cut flower industry. This is a physiological process likely to affect 

the biochemistry and hence the gene expression of the peduncle tissue. An 

understanding of the gene expression during this process may help to devise 

preventative measures and reduce occurrence and postharvest waste. An RNA-

sequencing study of the transcriptional changes occurring through-out three 

stages of necking (Straight, <90° and >90°) identified the galactose metabolism 

and phenylpropanoid biosynthesis pathways to be significantly up- and down- 

regulated respectively (Chapter 6). The galactose metabolism pathway leads to 

the synthesis of galactinol and raffinose family oligosaccharides (ROFs), 

including the trisaccharide raffinose and the tetrasaccharide stachyose 

(Nishizawa et al., 2008). ROFs are water soluble carbohydrates, made up of 

sucrose with a number of additional galactosyl units (Gangl & Tenhaken, 2016). 

ROFs are known to accumulate in maturing seeds as sources of carbohydrate 

for germination, however ROFs also show important roles in plant stress 

responses due to their osmoprotectant and antioxidant activity (Gangl & 

Tenhaken, 2016; ElSayed et al., 2013; Nishizawa et al., 2008). 

Phenylpropanoids on the other hand are secondary metabolites derived from 

phenylalanine, a product of the shikimate pathway and can be divided into five 

main sub-groups including stilbenes, monolignols, coumarins, flavonoids and 

phenolic acids. Phenolic acids can be further divided into the seven carbon (C6-

C1) hydroxybenzoic acids and nine carbon (C6-C3) hydroxycinnamic acids 

(Figure 51; Deng & Lu, 2017). Although phenylpropanoids are referred to as 

secondary metabolites, products of the phenylpropanoid pathway have diverse 

and important functions within plants, providing scent, colour, structural support 

and also play vital roles in stress responses and plant defence (Biała & Jasiński, 

2018). Monolignols or hyrdoxycinnamyl alcohol monomers for example, including 

p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol are the building blocks 

for lignin and lignan biosynthesis (Deng & Lu, 2017). Whereas hydroxycinnamic 

acids such as p-coumaric, caffeic, ferulic and sinapic acids which occur widely 
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among higher plants and are also known for their antioxidant activity (Teixeira et 

al., 2013) 

 

Figure 51. Phenylpropanoid biosynthesis and chemical structures. The conversion of 
phenylalanine to p-coumaryl CoA includes the first three steps of phenylpropanoid 
biosynthesis, known as the general phenylpropanoid pathway (GPP). These three 
steps produce the precursors for the five main phenylpropanoid groups: stilbenes, 
monolignols, coumarins, flavonoids and phenolic acids. Solid arrows represent single 
biosynthetic steps and dashed arrows indicate multiple biosynthetic steps. PAL, 
phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumaroyl CoA 
ligase. Figure from Deng & Lu, (2017).  

 

RNA sequencing (RNA seq.) allows for whole transcriptome analysis and 

provides a non-biased approach to gene expression studies as no prior 

knowledge of the transcriptome is needed. However, there is currently no 
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standard workflow or set protocol for completing the data analysis, with all 

methods differing in performance and how they normalise datasets and quantify 

gene expression levels (Everaert et al., 2017). Validation of gene expression data 

from RNA seq. experiments by quantitative PCR (qPCR) is therefore still common 

practice. qPCR data however is relative, with expression normalised to a 

reference gene. Choosing an appropriate reference gene with stable expression 

is therefore important for producing reliable qPCR results (Bustin et al., 2009).  

Elongation factor 1α is a traditionally used gene for qPCR normalisation and was 

found to be one of the most stable reference genes out of four novel and 12 

traditional candidates analysed in the Rosaceae family member, Prunus persica 

L. Batsch (peach; Kou et al., 2017). However, Klie and Debener (2011) found 

protein phosphatase 2A (PP2A) to be one of the best general reference genes 

for Rosa hybrida, outperforming EF1-α and other classically used reference 

genes including glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 

tubulin. Although these were overall the most stable reference genes for both 

studies, expression and suitability varied between tissue type and whether a 

stress treatment was applied. Reference genes suitable for studying necking in 

Rosa hybrida must be stable in peduncle tissue and under water stress 

conditions. Most studies focused on peduncle or pedicel tissue are related to 

flower or fruit abscission, rather than water stress and use a variety of reference 

genes including SAND family proteins in tomato (Solanum lycopersicum), and 

actin in yellow lupine (Lupinus luteus) and apple (Malus × domestica) respectively 

(Nakano et al., 2014; Glazinska et al., 2017; Heo & Chung, 2019). However, 

GAPDH is often found to be the most stable reference gene in drought and water 

stress conditions and has been used in the study of postharvest dehydration of 

citrus fruit (Citrus sinensis) rind, in drought stressed potato (Solanum tuberosum) 

leaves and also to successfully analyse drought stress in rice (Oryza sativa) 

peduncles (Tian et al., 2015; Romero et al., 2013; Yang et al., 2019; Muthurajan 

et al., 2010). 

A qPCR study of genes within the galactose metabolism and phenylpropanoid 

biosynthesis pathways was carried out and compared to the differential 
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expression RNA sequencing results, with EF1α, PP2A and GAPDH selected as 

potential reference genes for qPCR normalisation.   

 

7.2 Methods 

7.2.1 Plant material for qPCR 

Rosa hybrida cv. H30 stems were grown, transported and processed as 

described in section (2.1).  Stems were held in standard experimental conditions 

for the duration of the experiment, arranged in bunches of 10 and placed in vases 

containing 1 L of 2 % sucrose solution (w/v). Vases were supplemented with a 

Pseudomonas fluorescens suspension to induce necking in the H30 stems and 

was prepared as described in (4.2.5) to an initial vase concentration of 2.5 x 105 

cfu per mL.   

Peduncle samples for each stage (Str, <90° and >90°) were taken as previously 

described (5.2.1). Samples were collected on day 4 and 5 of vase life, as necking 

occurred. All of the stages (Str, <90° and >90°) making up one biological replicate 

were harvested at the same time. 

7.2.2 RNA extraction and cDNA synthesis 

RNA was extracted from the rose peduncles and the quality measured as 

previously described (2.4). Genomic DNA (gDNA) removal and cDNA synthesis 

were then performed using the Quantitect Reverse Transcription Kit (Qiagen), 

following the manufacturers guidelines. For every 1 µg of RNA, 2 µL of gDNA 

wipeout buffer (7x) was added, in a 14 µL final volume with RNase free water and 

incubated at 42 °C for 2 min to ensure gDNA elimination. The reactions were 

placed immediately on ice and 1 µL of Quantiscript Reverse Transcriptase, 4 µL 

of Quantiscript RT buffer (5x) and 1 µL of RT primer mix were added for a total 

20 µL reaction volume. cDNA synthesis was performed at 42 °C for 15 min, 

followed by a 95 °C incubation for 3 min to inactivate the reverse transcriptase. 

The cDNA was 1/10 diluted with RNase free water, for a working concentration 

of 5 ng/µL (assuming equal efficiency of reverse transcription) and stored at -20 

°C for direct use in qPCR. 
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7.2.3 Primer design 

Genes of interest were chosen from the galactose metabolism and 

phenylpropanoid biosynthesis pathways due to their significant differential 

expression in the RNA sequencing dataset. Reference genes GAPDH, EF1-α 

and PP2A were selected based on their use in previous studies and their 

expression stability in the RNA sequencing dataset. 

 

Table 20. qPCR target genes 

 

GM= galactose metabolism genes, PB= phenylpropanoid biosynthesis genes and R= 

reference genes 

The qPCR primers were designed using NCBI’s Primer-BLAST with the following 

parameters: Tm between 57 and 63 °C (optimum Tm of 60 °C), with a maximum 

Tm difference of 2 °C; primer length of 18–25 base pairs (bp), with an optimum 

length of 20 bp; GC content of 35–75 % and a PCR product size of between 90 

and 170 bp (Table 21). Template gene of interest (GOI) and reference gene 
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mRNA sequences were obtained from the Genome Database for Rosaceae 

(GDR), using the ‘Search Genes and Transcripts’ function for the Rosa chinensis 

Old Blush genome. Primer-BLAST searches were limited to ‘Rosa (taxid: 3764)’ 

within the Refseq mRNA database to ensure specificity to intended target 

sequences.  

Primer specificity was determined by conventional PCR for each of the primer 

pairs. A 20 µL PCR reaction was performed with 0.5 µM forward primer, 0.5 µM 

reverse primer, 10 µl of PCRBIO Taq Mix Red (PCR Biosystems) and 10 ng of 

straight (control) cDNA (2 µL of 1/10 diluted cDNA). PCR cycle conditions 

included an initial 1 min denaturation and enzyme activation step at 95 °C, 

followed by 37 cycles of 15 sec denaturation at 95 °C, 15 sec annealing at 55 °C 

and a 10 sec extension at 72 °C, with a final extension of 4 mins at 72 °C. PCR 

product was analysed by electrophoresis on a 1 % agarose gel stained with 

SYBR safe DNA gel stain (Invitrogen) and purified using the Wizard SV Gel and 

PCR Clean-up System (Promega), following the manufacturer’s purification by 

centrifugation protocol. Purified amplicons were measured using a Nanodrop 

spectro-photometer and sent for sequencing using MixSeq tubes (Eurofins 

genomics). Retrieved sequences were then submitted to an NCBI’s BLASTn 

search to ensure the intended product was amplified. 
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Table 21. Primer sequences and product sizes 
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7.2.4 qPCR conditions 

The qPCR’s were performed using a Rotor-Gene Q thermo cycler (Qiagen, 

Model: 5-Plex) in 20 µL reactions with 1x Rotor-gene SYBR Green PCR master 

mix (Qiagen), 0.5 µM forward primer, 0.5 µM reverse primer, RNase-free water 

and 10 ng cDNA (2 µl of 1/10 diluted template cDNA). A two-step cycling program 

was used as recommended by the manufacturer: initial DNA polymerase 

activation at 95 °C for 5 min, followed by 40 cycles of denaturation at 95 °C for 5 

sec and a combined annealing and extension at 60 °C for 10 sec. An additional 

melt curve analysis step was then performed by ramping the temperature from 

50-95 °C to determine primer specificity. All qPCRs were run with two technical 

replicates and for four biological replicates of each stage. Ct values were 

recorded at a 0.2 threshold and only technical replicates with a Ct value within 

0.5 of each other were used in analysis (any outside of this were re-run). 

7.2.5 Primer efficiency and expression analysis 

A standard curve was generated for each primer set to calculate the percentage 

primer efficiencies, using a 1:10 dilution series of straight (control) cDNA and 

standard qPCR conditions (7.2.4). Efficiencies were calculated manually with 

Equation 5. ‘Slope’ was calculated for each primer set using the Excel ‘SLOPE’ 

function, where y equals the average Ct values of the technical replicates and x 

equals the Log of the dilution factors. Percentage efficiencies should be between 

90-110 %.  

 

Equation 5. 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  % = (10
−1

𝑆𝑙𝑜𝑝𝑒 − 1) x100  

 

 

Relative expression levels were calculated according to the Pfaffl equation 

(Equation 6; Pfaffl, 2001), which takes into account differences in primer 

efficiencies for increased reproducibility. ‘E’ in Equation 6. refers to the percentage 
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primer efficiency (Equation 5) for the gene of interest (GOI) and reference gene 

(Ref), converted using Equation 7.  

 

Equation 6. 

𝐺𝑒𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =  
 𝐸𝐺𝑂𝐼 

𝛥𝐶𝑡 𝐺𝑂𝐼

 𝐸𝑅𝑒𝑓 𝛥𝐶𝑡 𝑅𝑒𝑓
 

 

 

Equation 7. 

𝐸 = (
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  % 

100
) + 1 

 

7.2.5.1 Statistical analysis of relative expression 

Relative expression data for each gene were analysed with one-way ANOVA 

tests to determine the effect of necking stage on relative gene expression. Tukey 

post hoc tests were then used for multiple comparisons of means to determine 

significant differences between necking stages. Pfaffl gene expression ratios 

were transformed using the Log2 scale prior to analysis. 

 

7.2.6 RNA sequencing differential expression data 

Differential expression Log2 FC values for galactose metabolism and 

phenylpropanoid biosynthesis genes were taken from the DESeq2 output files 

generated in Chapter 6 for the three comparative necking stages using the 

VLOOKUP excel function and the Arabidopsis thaliana gene identifiers for each 

pathway identified by STRING. Rosa hybrida cv. H30 flower material for this 

expression data was harvested, sequenced and aligned to the Rosa chinensis 

genome as described in Chapter 5 and processed as described in Chapter 6. 
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7.3 Results 

Good quality RNA was extracted for each of the biological replicates, in which 

necking had been induced by Pseudomonas fluorescens, and was successfully 

synthesised into cDNA following gDNA removal (Appendix 1.1). The seven 

galactose metabolism primers, four phenylpropanoid biosynthesis primers and 

three reference gene primers were all initially run using conventional PCR with 

straight peduncle cDNA (pilot sample, Str_0). PCR products were achieved for 

all of the primer pairs and were of the predicted size, with the exception of the 

galactinol synthase 2 (GolS2) primers (Figure 52). Each of these reference genes 

and the genes of interest successfully produced a single peak in a qPCR melting 

curve analysis, indicating amplification of a single gene product. The primer pairs 

were all verified to amplify their intended target sequences, with an example melt 

curve analysis and the Blast results of the PCR products shown in Appendix 1.1.  

 

 

Figure 52. Gel electrophoresis image showing amplified PCR product for each of the 
target genes. ‘S’ indicates lanes containing PCR product run from the initial ‘pilot’ Straight 
sample cDNA (Str_0) and ‘C’ indicates lanes containing negative PCR controls, run with 
RNase free H20. Bands are shown in reference to hyperladder 50bp (Bioline) shown as 
lanes labelled ‘L’, with the corresponding number of base pairs (bp) for each main band 
detailed on the left-hand side of the gel image.  

 

7.3.1 Identification of a reference gene 

The candidate reference genes glyceraldehyde-3-phosphate de-hydrogenase 

(GAPC2), elongation factor 1-alpha (EF1-α) and serine/threonine-protein 

phosphatase PP2A catalytic subunit (PP2A) all showed relatively uniform 
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expression in each of the replicate one necking stages (Str_1, <90_1 and >90_1) 

and between the two straight biological replicates (pilot sample Str_0 and 

replicate one Str_1) in conventional PCR (Figure 53). Following primer efficiency 

analysis with qPCR, GAPC2 was found to have the closest percentage efficiency 

to the genes of interest (GOI), with an efficiency of 97.3 % compared to a mean 

GOI efficiency of 98.68 % (Table 22). GAPC2 and PP2A were also shown to have 

the closest mean CT values to the GOI, which had an overall mean CT value of 

22.6 (Table 22). As it is preferable to have a reference gene with a similar 

expression to the GOI and therefore a similar CT value (Delporte et al., 2015), 

GAPC2 was found to be the most suitable reference gene for the dataset and 

was used in further analysis to calculate the relative log2 FC of the genes. The 

primer efficiencies of UGE5 and PGM2 fell slightly outside of the preferred range 

(90-110 %; Table 22), therefore the Pfaffl method was adopted to calculate relative 

gene expression as it accounts for variance in primer efficiencies unlike the delta-

delta CT method which assumes similar GOI primer efficiencies. 

  

Figure 53. PCR product for the candidate reference genes at each of necking the stages. 
Lanes labelled Str_1, <90_1 and >90_1 refer to PCR product from each of the necking 
stages in biological replicate one, with Str_0 referring to a Straight necking stage sample 
used as an initial pilot. Bands are shown in reference to hyperladder 50bp (Bioline), with 
the corresponding number of base pairs (bp) for each main band detailed in between the 
two gel images. 
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Table 22. qPCR primer efficiencies and mean CT values 

 

Primer efficiencies and mean CT values shown to 1 decimal place. Mean CT values were 

calculated for each of the primers using all of the necking stage CT values for all four 

biological replicates. 

7.3.2 Galactose metabolism 

Previous differential expression analysis of the RNA sequencing data identified 

nine galactose metabolism genes to be up-regulated during >90° necking, 

compared to Straight peduncles as shown in Figure 54 (>0.5 Log2 FC, p adjust 

<0.05; Chapter 6). The seven galactose metabolism pathway genes selected for 

qPCR analysis included all these differentially expressed genes, excluding the 

two ATP-dependent 6-phosphofrucyokinase genes PFK2 and PFK4 at EC 

2.7.1.11. Genes from EC 2.7.1.11 were not included as this EC point appears to 

fall outside of the central galactose metabolism pathway (Figure 54).  
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Figure 54. RNA seq. differentially expressed galactose metabolism genes. The green 
colour represents genes present within the Rosa chinensis genome, and the orange 
colour EC numbers represent significantly up-regulated genes in the >90 vs Str dataset, 
with a Log2 FC >0.5 and a p adjust value <0.05. Pathway adapted and annotated from 
KEGG (pathway: rcn00052; Kanehisa, 2017). 
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In the RNA seq. analysis, although significant expression was seen for all of the 

>90 necking stage peduncles in comparison to straight, no significant difference 

was seen between the <90 and straight necking stages for any of the analysed  

galactose metabolism genes (Figure 55). However, in the qPCR analysis SIP2 

(EC 2.4.1.82) showed significant difference between the <90 and straight necking 

stages, as well as between the >90 and straight and >90 and <90 necking stages 

(Figure 56). Significant up-regulation was also seen for UGE5 (EC 5.1.3.2) and 

DIN10 (EC 2.4.1.82) in fully necked (>90) peduncles for both RNA seq. and qPCR 

analysis (Figure 56; Figure 56). However, no significant differential expression was 

seen for the other three galactose metabolism genes (ATBF1, PGM2 or AGAL3) 

relative to GAPC2 expression in the necking peduncle tissue analysed with qPCR 

(Figure 56).  

 

ANOVA results for all galactose metabolism pathway genes analysed through 

qPCR are presented in Appendix 1.2.3.1. 
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Figure 55. RNA seq. differential expression bar charts for galactose metabolism genes. 
Rose peduncles at Straight, <90 and >90 necking stages were harvested during vase 
life of roses held in commercial flower food. Log2 FC values are shown relative to straight 
control peduncles, with significance calculated using DESeq2. Significant difference 
between <90 and straight, and >90 and straight is indicated above the relative bar. 
Significant difference between <90 and >90 is indicated between the two bars, where *** 
indicates significance to a p adjusted value of <0.001, ** to <0.01 and * to <0.05. 
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Figure 56. qPCR relative expression boxplots for galactose metabolism genes. Rose 
peduncles at Straight, <90 and >90 necking stages were harvested during vase life of 
roses induced by treatment with Pseudomonas fluorescens. Pfaffle analysis is relative 
to GACPC2 expression using necking stage Straight as the control. Statistical analysis 
was calculated using a one-way ANOVA of Log2 FC vs Stage with a Tukey post hoc test, 
where *** indicates significance difference in expression to a p value of <0.001, ** to 
<0.01, * to <0.05 and ‘ns’ indicates no significant difference. 

 

7.3.3 Phenylpropanoid biosynthesis 

As with the galactose metabolism, a previous differential expression analysis of 

the RNA sequencing data identified 17 phenylpropanoid biosynthesis genes to 

be down-regulated during >90° necking, compared to Straight peduncles as 

shown in Figure 57 (>0.5 Log2 FC, p adjust <0.05; Chapter 6). Of the 17 down-

regulated phenylpropanoid biosynthesis genes identified, nine peroxidase genes 

were associated with EC 1.11.1.7. As peroxidase 42 (PRXPX) had a mean count 

of 18,556 compared to 451 and 288 of peroxidase 64 (PER64) and peroxidase 

73 (RHS19) respectively with the second and third highest mean counts, PRXPX 

was chosen as a representative gene at this EC point. Similarly, elicitor-activated 

gene 3-1 (EL13-1) and (CAD9) were found to be significantly down-regulated at 
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EC 1.1.1.195. However, EL13-1 was shown to have a mean count of just 24, 

compared to a mean count of 11,491 for CAD9 therefore CAD9 was chosen to 

represent this EC point. Shikimate O-hydroxycinnamoyltransferase (HCT) and 

caffeic acid 3-O-methyltransferase (OMT1) are the only genes associated with 

EC numbers 2.3.1.133 and 2.1.1.68 respectively and therefore were both 

selected for qPCR analysis. Although beta-glucosidase 17, 41, 44 and beta-

glucosidase BGLC1 associated with EC 3.2.1.21 were all significantly down-

regulated, none of these genes were analysed in this study due to the EC point 

appearing separate from the main pathway (Figure 57). Genes found to be 

significantly up-regulated in the phenylpropanoid biosynthesis pathway, 4-

coumarate-CoA ligase 7 (4CLL7) at EC 6.2.1.12 and caffeoyl coenzyme A ester 

o-methyltransferase 7 (CCOAOMT7) at EC 2.1.1.104 were also not analysed by 

qPCR, due to the down-regulated genes being the main focus of study (Figure 

57). 

Significant down-regulation between >90 and straight peduncles for PRXPX, 

CAD9 and HCT genes was seen in both the RNA seq. and qPCR datasets. 

Significant down-regulation was also seen for PRXPX, CAD9 and HCT for <90 

necking peduncles compared to straight control peduncles through qPCR. 

Although there was a comparable mean log2 FC of -0.67 between >90 and 

straight, this difference was not significant for OMT1 with qPCR while it is 

significant in the RNA sequencing dataset (Figure 58, Figure 59). Down regulation 

was also seen for OMT1 between <90 and straight with qPCR, however this 

change was only significant to a p value of <0.1 (Figure 59). The phenylpropanoid 

biosynthesis genes analysed with qPCR therefore all showed down-regulation in 

<90° and >90° necking tissue compared to straight control tissue, with this 

change in gene expression found to be significant in three of the four genes 

analysed (Figure 59). 

ANOVA results for all phenylpropanoid pathway genes analysed through qPCR 

are presented in Appendix 1.2.3.2. 
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Figure 58. RNA seq. differential expression bar charts for phenylpropanoid biosynthesis 
genes. Log2 FC values are shown relative to straight control peduncles, with significance 
calculated using DESeq2. Significant difference between <90 and straight, and >90 and 
straight is indicated above the relative bar. Significant difference between <90 and >90 
is indicated between the two bars, where *** indicates significance to a p adjusted value 
of <0.001, ** to <0.01 and * to <0.05. 
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Figure 59. qPCR relative expression box plots for phenylpropanoid biosynthesis genes. 
Pfaffle analysis is relative to GACPC2 expression using necking stage Straight as the 
control. Statistical analysis was calculated using an one way ANOVA of Log2 FC vs 
Stage with a Tukey post hoc test, where *** indicates significance difference in 
expression to a p value of <0.001, ** to <0.01, * to <0.05 and ‘ns’ indicates no significant 
difference. 

 

7.4 Discussion   

The galactose metabolism and phenylpropanoid biosynthesis pathways have not 

previously been analysed in relation to the necking phenomenon in Rosa hybrida, 

therefore new primers were designed for qPCR analysis. Access to the Rosa 

hybrida genome resources along with the Rosa hybrida transcriptome greatly 

aided primer design, with all of the primers designed bar the GolS2 primer pair 

successfully amplifying the target genes. Failure of the GolS2 primers to produce 

a product is thought to be due to the low abundance of GolS2 mRNA in the 

samples, as GolS2 had a mean count of just 109 in the RNA sequencing dataset. 

Successful amplification may be achieved with further manipulation of the PCR 

cycle conditions or through re-designing the primers, however such low-level 
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differences in expression between the necking stages may still be difficult to 

quantify. 

Cut rose vase life has been shown to be seasonal, due to changes in humidity 

and stomatal function (In & Lim, 2018). Vase life studies conducted in preparation 

for qPCR analysis in spring 2019 (April and May) showed reduced rates of 

necking (data not shown). Therefore in order to harvest enough material for each 

stage, a Pseudomonas fluorescens solution was added to induce necking, at a 

final vase water concentration of 2.5 x 105 cfu per mL in a 2 % sucrose solution 

rather than commercial flower food (7.2.1). Peduncles were then harvested 1-3 

days earlier than the RNA sequencing flower material as necking occurred. 

Differences in gene expression between the qPCR data set and the RNA 

sequencing data set may therefore be attributed to factors associated with the 

differing experimental conditions. Conversely, significant differences seen within 

both datasets can be considered more robust and validate potential gene 

expression changes associated with the necking phenomenon. 

7.4.1 Galactose metabolism 

In the galactose metabolism pathway, significant up-regulation was seen in 

necking peduncles for both UDP-glucose 4-epimerase (UGE5) and galactinol-

sucrose galactosyltransferase genes 2 (SIP2) and 6 (DIN10) in the RNA seq. and 

qPCR datasets (Figure 55; Figure 56). Although qPCR was unsuccessful for 

galactinol synthase 2 (GolS2), GolS2 also showed significant up-regulation in the 

RNA-seq. dataset in (>90°) necking peduncles compared to straight controls. 

These enzymes catalyse the first steps in the synthesis of raffinose family 

oligosaccharides, with UGE5 catalysing the synthesis of UDP-galactose from 

UDP-glucose, GolS2 catalysing the conversion of UDP-galactose and myo-

inositol to galactinol and both SIP2 and DIN10 catalysing the synthesis of 

raffinose from galactinol and sucrose (Suarez et al., 1999; Nishizawa et al., 2008; 

Figure 60). Up-regulation of UGE5, GolS2 and SIP2/DIN10 therefore indicates a 

potential up-regulation of raffinose synthesis in fully necked (>90°) peduncles. 

Raffinose has an important role in osmoprotection and reactive oxygen species 

(ROS) scavenging (ElSayed et al., 2014). Up-regulation of raffinose synthase 

genes such as SIP2 are commonly seen in response to water deficit, salt or 
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drought stress to protect plants from osmotic and oxidative damage (ElSayed et 

al., 2014; Hu et al., 2018; Fàbregas & Fernie, 2019; Nishizawa et al., 2008). As 

necking is induced by a vascular blockage and reduced water uptake, an up-

regulation of raffinose synthesis is consistent with rose peduncles experiencing 

and responding to a water deficit.  

 

 

Figure 60. Raffinose synthesis pathway. Orange boxes show the enzymes catalysing 
each reaction in the pathway. Figure adapted from Suarez et al., (1999) 

 

Galactinol synthase is seen as a key regulatory enzyme in the synthesis of 

raffinose family oligosaccharides (ElSayed et al., 2014). Transgenic Arabidopsis 

thaliana lines expressing Malus x domestica (apple) GolS2 were found to 

accumulate higher amounts of galactinol and raffinose and were more capable of 

surviving water deficit conditions than wildtype plants (Falavigna et al., 2018). 

Although galactinol synthases are known to be highly expressed in dormant 

flower buds and seeds as well as in leaves, expression levels in other plant 

organs and at other developmental stages are thought to be low (Falavigna et al., 

2018). This may explain the low expression levels seen in peduncle tissue in this 

study compared to UGE5, SIP2 and DIN10. However, as the rose cultivar H30 

used in this study is a necking susceptible cultivar, it is possible that the reduced 

level GolS2 seen may limit raffinose synthesis in the peduncle and therefore its 

ability to tolerate water stress. The osmolyte properties of raffinose can help to 

maintain cell turgor and stabilise cell proteins and membranes (Elsayed et al., 

2014), all of which are important factors for maintaining structural support of a 

stem and therefore the susceptibility of a stem to bend following a xylem 
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blockage. A Comparative study of relative GolS2 and raffinose levels in other 

Rosa hybrida cultivars would therefore be interesting for future work. 

 

7.4.2 Phenylpropanoid biosynthesis 

The biosynthesis of phenylpropanoids is highly regulated, with gene expression 

differentially induced by developmental processes and by biotic and abiotic 

stresses (Sharma et al., 2019). Previous studies in Arabidopsis thaliana, flax 

(Linum usitatissimum) and pea (Pisum sativum) have all shown up-regulation of 

phenylpropanoid biosynthesis genes involved with lignin biosynthesis including 

shikimate o-hydroxy-cinnamoyltransferase (HCT) in response to bacterial and 

fungal plant pathogens (Chezem et al., 2017; Boba et al., 2017; Patel et al., 

2017). However, in this study significant down-regulation of HCT was seen in 

necking peduncles (<90° and >90°) when compared to straight controls, as well 

as significant down-regulation of a cinnamyl alcohol dehydrogenase gene 

(CAD9) and peroxidases including peroxidase 42 (PRXPX) involved with the 

reduction and oxidation of lignin monomers respectively (Figure 57; Figure 59). 

Together these indicate a potential reduction rather than increase in monolignol 

and lignin biosynthesis in necking peduncles and suggests that the gene 

expression changes seen are not an active response to vase water 

microorganisms or external pathogens.  

HCT is known to catalyse two steps in the phenylpropanoid pathway, including 

the transfer of p-coumaroyl CoA to p-coumaroyl shikimate and the transfer of 

caffeoyl shikimate to caffeoyl CoA following 3’hydroxylation for use in lignin 

biosynthesis (Fraser & Chapple, 2011). As flavonoid biosynthesis requires p-

coumaroyl CoA as a precursor, silencing of HCT in Arabidopsis thaliana resulted 

in an over-accumulation of flavonoids and a reduced lignin content (Li et al., 

2010). In the RNA-sequencing dataset of this study, 4-coumarate-CoA ligase-like 

7 (4CLL7) a gene associated with the third step and the biosynthesis of p-

coumaroyl CoA was found to be significantly up-regulated in >90° necking 

peduncles compared to straight (Figure 51; Figure 57; Deng & Lu, 2017). This 

combined with the significant down-regulation of HCT in necking peduncles may 

mean a potential increase in available p-coumaroyl CoA for use in other 
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phenylpropanoid biosynthesis pathways including flavonoid biosynthesis. 

Flavonoids are drought stress responsive metabolites and have been found to 

accumulate in Arabidopsis thaliana and more recently in Achillea pachycephala 

and Fragaria x ananassa (strawberry) to prevent oxidative damage from ROS 

accumulated during water deficit (Nakabayashi et al., 2014; Gharibi et al., 2019; 

Perin et al., 2019). As necking is known to be water stress related, a potential 

shift towards flavonoid biosynthesis in necking peduncles would therefore help to 

prevent oxidative damage in the peduncle. However, as gene expression 

changes in relation to flavonoid biosynthesis were not analysed in this study, the 

potential role of flavonoids in necking is speculative and would need to be further 

investigated. 

Phenylpropanoid biosynthesis genes associated with lignification are known to 

be induced by myb transcription factors (Chezem at al., 2017). Therefore the 

significant down-regulation seen for HCT, CAD9 and PRXPX in <90° and >90° 

necking peduncles when compared to straight controls is consistent with the 

down-regulation of myb-transcription factors previously shown (Figure 59; 

Chapter 6). This down-regulation of myb transcription factors in necking 

peduncles was attributed to stress induced senescence. As the majority of 

phenylpropanoid biosynthesis genes were found to be down-regulated in necking 

peduncles, these changes in gene expression may also be a factor of 

senescence, with secondary metabolism and biosynthesis in general becoming 

down-regulated during senescence as cellular functions shut-down and nutrients 

are relocated (Rogers, 2011).    

Although this study provides an overview of the expression of galactose 

metabolism and phenylpropanoid biosynthesis genes during the necking 

process, it should be noted that both the RNA sequencing and qPCR were 

conducted on rose peduncles as a whole, yet phenylpropanoid biosynthesis often 

differs between tissue types (Biała & Jasiński, 2018). It would therefore be 

interesting to determine if the changes in gene expression seen for galactose 

metabolism and phenylpropanoid biosynthesis vary between different cell types 

and areas of the peduncle.  
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7.5 Conclusions 

Expression changes in galactose metabolism and phenylpropanoid biosynthesis 

pathway genes were successfully analysed in relation to necking by qPCR, 

validating the RNA sequencing differential expression analysis. Overall, the 

significant gene expression changes seen in necking peduncles indicate a 

response to water stress, with genes differentially regulated to help maintain 

osmotic balance as well as protect plant proteins from ROS and osmotic damage. 

Down-regulation of phenylpropanoid biosynthesis genes in necking peduncles 

however may be part of a general down-regulation of secondary metabolism due 

to stress-induced senescence. As gene expression changes do not always result 

in changes at a protein or metabolite level, further analysis with enzyme and 

metabolite assays would be recommended to verify the results found in this study. 
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Chapter 8 Final discussion 
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8.1 Overview of objectives and main findings 

Table 23. Summary of the main objectives and findings of each experimental chapter 

 

 

 



182 

 

Table 23 continued… 
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8.2 Physiological factors of necking 

Kenyan grown roses account for around 70% of roses in the UK cut flower market 

(Wilson, 2015). However, despite their large market share, little is currently known 

about Kenyan grown roses in relation to necking. One aim of this project was 

therefore to identify potential variation in susceptibility to necking in commercially 

available Kenyan grown rose cultivars. Following vase life analysis of six Rosa 

hybrida cultivars, cv. H30 and Fuchsiana were identified as cultivars most and 

least susceptible (tolerant) to necking respectively and were chosen as suitable 

cultivars for further study due to their wide use in straight line bunches and 

bouquets for the UK market. These cultivars were therefore used in further 

analysis throughout this study. 

8.2.1 Peduncle strength 

Previous studies have found that peduncle strength is increased in cultivars less 

susceptible to necking (Zamski et al., 1991; Chabbert et al., 1993; Graf et al., 

2006). Stem strength is a combination of mechanical strength and turgor 

pressure, therefore increased water loss often results in a reliance on mechanical 

strength provided by stem structures such as the vascular bundles and the 

epidermal layer (Zamski et al., 1991; Matsushima et al., 2010). In this study the 

necking susceptible cultivar H30 was found to flex less with the addition of a 

weight than the necking tolerant cultivar Fuchsiana. However, due to the 

experimental set up, stem strength as a whole was analysed, rather than purely 

mechanical strength. As H30 also had an increased flower head water content 

than Fuchsiana, it was therefore hypothesised that any increase in stem strength 

seen may have been due to increased turgor pressure rather than due to a 

difference in mechanical strength.  

Stem strength between the two cultivars was measured following re-hydration, 

prior to when the stems would have entered the vase. Analysis of water balance 

during vase life showed Fuchsiana and H30 to both have a positive water balance 

on day one. However, the water balance of H30 became negative and was 

significantly reduced compared to Fuchsiana on day two and three. A negative 

water balance indicates that water uptake is lower than water lost through 
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transpiration, therefore leading to a net loss of water from the flower stem and a 

potential reduction in turgor pressure. Although stem strength was found to be 

increased in H30 stems compared to Fuchsiana prior to vase life, analysis of stem 

strength on day two or three of vase life may have shown H30 stems to be weaker 

than Fuchsiana due to a higher rate of water loss from the stem and a potentially 

reduced turgor pressure. 

Factors associated with increased mechanical stem strength can naturally vary 

between cultivars but are also dependent on developmental stage. Peduncle 

development is tightly associated with flower development and can also vary at 

the point of harvest between cultivars (Matsushima et al., 2010). Zieslin et al. 

(1989) found reduced extent of necking in cultivars Mercedes and Nubia following 

30 mins water stress (stems held dry) when harvested at later stages of flower 

development. Therefore, it would be interesting to determine in further work if 

stems of H30 harvested at later stages of flower development would see 

increased peduncle development and a reduced incidence of necking. Indeed 

this could therefore be a simple measure to help reduce post-harvest waste. 

However, although occurrence of necking may be reduced it must be considered 

that unless water relations are also improved, other symptoms of water stress 

such as petal wilting may still occur. 

The necking tolerant cultivar Fuchsiana analysed during this project is known to 

be a fast opening rose cultivar and often opens to a stage seven of flower 

development within the vase as seen in Figure 17. H30 however is not known as 

a fast opening cultivar and often will achieve a stage four or five flower 

development during vase life Figure 17. As peduncle development and strength 

is associated with flower development, it may also be interesting to determine if 

Fuchsiana peduncles develop during the course of vase life and if resistance to 

necking therefore increases over time. Differences in peduncle development may 

explain why some stems in a bunch neck and others don’t when exposed to the 

same transport and environmental conditions I.e. stems may have been 

harvested at a slightly different stage and may have a differing level of stem 

development. 
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8.3 Microbial analysis 

8.3.1 Prevalence of fungi in the supply chain 

Reduced water uptake of cut rose stems during vase life is often attributed to 

microbial growth at the stem end or in the vase water, blocking the xylem. 

However, these microbial occlusions are often associated with bacteria rather 

than fungi (de Witte & van Doorn, 1988; van Doorn & Perik, 1990; Put & Jansen, 

1989). The prevalence of fungi in the supply chain and their potential impact on 

the occurrence of necking is both largely unknown and overlooked.  

In this study fungal counts were analysed at three points in the Kenyan supply 

chain for both the necking susceptible and necking tolerant rose cultivars H30 

and Fuchsiana as well as upon arrival in the UK following air freight. Fungi were 

found at all stages of the supply chain, however both stem end and mid stem 

fungal counts were found to increase at the processing (bunching) stage, with 

stem end sections found to have a higher fungal load than mid stem sections. 

Higher microbial loads at the stem end compared to at the mid stem have also 

been found in previous studies, due to rapid growth on the cut surface of the stem 

end (Put & Clerkx, 1988; van Doorn et al., 1991). As damaged or wounded tissue 

is a better medium for the growth of microorganisms than intact or healthy tissue 

(Zagory, 1999). Increased wounding and microbial growth along the length of the 

stem can be caused by practices such as leaf and thorn removal and are the 

likely cause of the increased microbial growth seen at the mid stem section during 

the processing stage of the supply chain in this study (Woltering, 1987). As well 

as causing increased microbial loads and potential air embolisms, which may 

increase the incidence of necking, wounding can also cause the release of plant 

hormones such as ethylene which may cause a general decrease in vase life of 

cut roses (Woltering, 1987). Although wounding at the stem end cannot be 

avoided in cut flowers, the extent of damage can be reduced with the use of sharp 

blades (Zagory, 1999). A re-evaluation of current practices within the supply chain 

that lead to stem wounding (i.e. leaf removal, potential use of blunt blades) and 

increased microbial load would likely lead to a reduced occurrence of necking 

and post-harvest loss of cut roses. 
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Fungal colony counts were not found to differ from bacterial counts on arrival in 

the UK, however, were they were found to become significantly lower than 

bacterial counts following rehydration. Falling from a mean count of 3.2 x 104 

down to 3 x 102 cfu per mL. This disparity between fungal and bacterial counts at 

the start of vase life has previously been found by Li et al. (2015) and Put & Clerkx 

(1988) and therefore is in line with current findings. However, these studies used 

cut flower material harvested and taken directly to the lab for vase life and are 

unlikely to be representative of bacterial or fungal levels found at the consumer 

stage following a full supply chain. In the present study the addition of fungi at 1.1 

x 105 cfu per mL (Neocosmospora rubicola) and 3.4 x 105 cfu per mL (Papilotrema 

flavescens) significantly induced necking in the necking susceptible cultivar H30 

compared to control stems at day three of vase life. This indicates that fungi do 

impact the occurrence of necking and even if occur at potentially lower levels, are 

still likely contribute to the effect of overall microbial load and the incidence of 

necking.  

 

8.3.2 Bacterial and fungal species associated with Kenyan grown rose stems 

Bacterial and fungal species associated with the vase water and stem ends of cut 

roses have previously been identified. However, these studies have focused on 

cut roses either grown in the Netherlands (Put, 1990; de Witte & van Doorn, 1988; 

van Doorn et al., 1991) or Columbia (Muñoz et al., 2019). In the present study, 

24 species of bacteria and 30 species of fungi were identified from the stem ends 

and vase water of cut roses cv. H30 and Fuchsiana grown in Kenya. Although 

bacterial and fungal generas Pseudomonas, Bacillus, Acinteobacter, Citrobacter, 

Pantoea, Candida, Cladosporium, Penicilium and Rhodotorula, were identified in 

this study and in previous studies, little overlap at a species levels was found. A 

total of 24 novel genera were also found to be associated with cut roses including 

species in the bacterial genera Burkholderia, Kluyvera, Rahnella, Raoultella and 

fungal genera Vishniacozyma, Papilotrema, Wickeramomyces and Gibellulopsis. 

This study therefore provides a greater insight into the bacterial and fungal 

cultures which may be associated with Kenyan grown roses.  
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The use of biocides throughout the supply chain and within the vase water are 

likely to disrupt the microbial populations naturally associated with the stem end, 

which can lead to an increased relative abundance of opportunistic, fast growing 

microorganisms (Zagory, 1999). The ascomycetous yeast Wickeraramomyces 

anomalus (formerly Saccharomyces anomalus) and the bacterium Pantoea 

agglomerans (formerly Erwinia herbicola) isolated in this study are known 

biocontrol agents used to prevent spoilage of grains and fruit and control plant 

pathogenic species responsible for fire blight (Erwinia amylovora), root rot 

(Fusarium culmorum) and leaf rust (Puccinia recondite) respectively (Passoth et 

al., 2006; Fredlund et al., 2002; Özaktan & Bora, 2004; Vanneste et al., 1992; 

Kempf & Wolf, 1989). Other species identified in this study that are known to have 

antibacterial or antifungal activity include Burkholderia vietnamiensis, Bacilius 

licheniformis and Candida saitoana (Compant et al., 2008; Govender et al., 2005; 

Arras et al., 2006). Antagonistic growth of these fungi and bacteria as biocontrol 

agents for controlled (limited) growth of stem end microorganisms may therefore 

be a potential area of further research. As these may offer sustained 

management of microbial load (Zagory, 1999) and therefore potentially reduce 

the occurrence of microbial occlusions. 

Although this study used colony PCR and sequencing to identify species, analysis 

of stem end microflora has so far been limited to species which may be cultured 

in vivo and may account for as little as 0.5 - 0.1 % of bacteria present (Torsvik et 

al., 1990; Turner et al., 2013). A metagenomic study of stem end microorganisms 

would therefore be an interesting avenue for further work and may be used to 

determine potential differences in the microbiome of R. hybrida stem exhibiting 

necking compared to straight (control stems) and between necking susceptible 

and necking tolerant cultivars. 

As stem end counts of bacteria and fungi in this study and by others have also 

relied upon culturing methods, stem end colony counts have therefore only likely 

been indicative of the microbial load. Colony counts also do not include non-

viable cells which can contribute towards stem end blockages (Put & Jansen, 

1989). A move towards real time methods such as flow cytometry or the use of 

an automated cell counter may therefore provide a clearer understanding of the 
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relationship between microbial load and the occurrence of necking (Vembadi et 

al., 2019; Ou et al., 2017). The use of real time methods over culturing methods 

would also be preferential for use in industry and may help to tackle the 

occurrence of necking. As batches of roses identified to have a higher microbial 

load could then be subjected to additional treatments in a targeted manner.  

 

8.4 Molecular analysis of necking  

Although it has been established that necking occurs due to a reduced water 

uptake, no previous studies have analysed the potential molecular mechanisms 

associated with the phenomenon. RNA sequencing analysis of Rosa hybrida cv. 

H30 peduncles at three stages of necking (Str, <90° bending, >90° bending) was 

therefore carried out in this study. 

8.4.1 Water stress 

As expected, RNA sequencing analysis revealed many gene expression 

responses related to water stress in necking peduncles, including upregulation of 

genes involved in the synthesis and metabolism of osmoprotectants such as 

raffinose and trehalose and down-regulation of aquaporin genes PIP2-7 and 

PIP2-4. Loss of turgor was shown to occur during necking in the light microscopy 

and scanning electron microscopy images of H30 peduncles, with shrinkage of 

the pith and undulation of the epidermis seen by necking stage >90°. 

Osmoprotectants such as raffinose and aquaporin genes are up and down 

regulated respectively in response to water stress in order protect plants from 

osmotic damage and maintain cell turgor (Elsayed et al., 2014; Wang et al., 2016; 

Hachez et al., 2014). However, it is unclear if upregulation of these gene products 

would help to delay the loss of turgor pressure in the peduncle and the occurrence 

of the necking. Genes of the galactose metabolism pathway have been validated 

with qPCR and indicate a potential increase in raffinose synthesis in necking 

peduncles. However, a comparative analysis of raffinose content and expression 

of aquaporins in other R. hybrida cultivars would be interesting for future work. 
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8.4.2 Wounding 

Ethylene responsive transcription factors ABR1-like and ERF110-like were 

significantly up-regulated in necking peduncles. ABR1-like and ERF110-like are 

homologous to Arabidopsis thaliana abscisic acid repressor 1 (ABR1). ABR1 

expression is upregulated in response to wounding and indicates a wounding 

response in necking peduncles. However, it remains unclear if this response may 

be caused by the necking process itself, or due to handling practices along the 

supply chain such as de-leafing and de-thorning previously mentioned or 

mechanical stress on the peduncle such as excessive vibrations during transport 

(Woltering, 1987; Pouri et al., 2017). Wounding responses caused by mechanical 

stress have been shown to lead to an increase in reactive oxygen species (ROS) 

production, a decreased aquaporin expression and alter turgor pressure 

(Hernández-Hernández et al., 2019). As turgor pressure is relative to stem 

strength as previously mentioned, wounding may therefore also have a direct 

effect on the incidence of necking.  

8.4.3 Tropism and epidermal patterning factor genes 

In this study differential expression analysis identified 23 tropism related genes 

to be differentially expressed in necking peduncles, including the down-regulation 

of five auxin-activated tropism genes. GRAS transcription factor scarecrow (SCR) 

was also found to be down-regulated in necking peduncles and is associated with 

a lack of response to gravity in Arabidopsis thaliana mutants (Fukaki et al., 1998). 

As tropism is an active response, it is unclear what affect down-regulation of 

these genes may have. However, it is possible that auxin transport in cut roses 

may be altered due to a downregulation of auxin transporters, causing an 

unbalance within the peduncle. 

ERECTA, EPFL4 and EPFL6 genes were also found to be significantly down 

regulated in necking peduncles and have been shown to regulate the elongation 

of inflorescence stems (Uchida et al., 2012). Further work is therefore needed to 

determine the potential role of tropism and ERECTA genes in the necking 

process. In particular, it would be interesting to see if the expression of these 

genes identified through differential analysis are uniform across the peduncle, or 
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if a reduction in gene expression only occurs on one side of the stem, as this 

could contribute towards stem bending and therefore the necking process. 

Amyloplast content and distribution could also be determined though microscopy 

analysis of fresh cut sections of peduncle as amyloplasts are involved with gravity 

perception in the stem. 

 

8.4.4 Senescence 

Senescence is a complex active process whereby nutrients are remobilised and 

can be age-dependent or stress induced (Rogers, 2011; Podzimska-Sroka et al., 

2015). Targeted analysis of senescence associated genes identified many genes 

to be differentially expressed in necking compared to straight peduncles and 

indicates an onset of senescence in necking peduncles. As many genes were 

also found to be related to water stress responses and rose stems were of the 

same age it was hypothesised that senescence was stress induced rather than 

age-dependent or developmental. 

 

8.4.5 Abscission 

The abscission zone present at the junction between the stem and the peduncle 

is known as a point of reduced hydraulic conductance and is the likely cause of 

increased turgor loss within the peduncle (Darlington & Dixon, 1990). Although 

no abscission related genes were found in the region of peduncle analysed in this 

study, it is unknown if abscission is ‘activated’ during necking. Zieslin et al. (1989) 

found abscission of the peduncle to occur in a necking susceptible R. hybrida 

cultivar Nubia following removal of the flower head, however this response was 

not seen in the necking tolerant cultivar Mercedes. Gene expression analysis of 

abscission related genes at the abscission zone is therefore recommended as 

future work through qPCR. 
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8.5 Evaluation of methods 

Flower material used in this project was collected directly from the wholesaler 

upon arrival in the UK. This limited the number of unknown variables that can be 

introduced at the ‘in store’ phase i.e. from supermarkets and ensured 

experiments and results were more reproducible and consistent. However, as 

with most other studies, the quality of the flower material and therefore the 

microbial levels on the stem are unlikely to be representative of what is 

experienced by the consumer and must be taken into consideration. 

Dry medium culture plate methods were adopted in this study for the enumeration 

of bacteria and fungi due to their simplicity, convenience and suitability for use 

during field work in Kenya. However, due to their simple form and the use of 

indicator dyes for improved counting (as was the case for Petrifilms used in this 

study), species variation could not be determined by studying the plates alone. 

Any indication of species abundance was therefore missed and could not be 

reported on and was an unforeseen limitation of this method. 

Identification of microbial species by colony PCR gave an indication of species 

present on rose stems grown in Kenya and did not require a multitude of 

biochemical tests or skilled microscopical analysis as with more traditional 

techniques. However, as previously mentioned in 8.3.2, colony PCR was still 

limited to the microbial species that could be cultured prior to sequencing. 

Quantitative analysis of species proportion and prevalence was also not possible 

due to the experimental design. A microbiome analysis of rose stem ends would 

therefore be a recommended next step and can be used to both identify 

microorganisms which cannot be cultured in vitro and enable quantitative 

analysis of species. 

RNA sequencing of Rosa hybrida peduncles during necking has not previously 

been completed and provides a rich new resource for future research in the area. 

However, due to the sampling technique of taking the peduncle as a whole; tissue 

specific information may have been lost due to ‘noise’. Further investigation into 

specific tissues within the peduncle, i.e. through in situ hybridisation may be a 

promising approach for future research into necking. As previously mentioned in 
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8.4.5, it may also be interesting to analyse gene expression lower down the 

peduncle, at the abscission zone or at the beginning of the bend rather than at 

the mid-point in necking as studied here.  

 

As gene expression changes do not always result in actual changes in gene 

products or responses, analysis of these gene expression changes should be 

further validated by other means i.e. with metabolomics, enzyme assays and 

microscopy. Validation of gene expression changes is also needed within other 

Rosa hybrida cultivars as only R. hybrida cv. H30 was sequenced and used in 

qPCR analyses. Further analysis is therefore needed to determine if similar 

transcriptomic changes are seen in response to necking in other cultivars. 

Although Fuchsiana was used as the main comparative cultivar in this study, it 

may also be interesting to select cultivars which show symptoms of water stress 

but do not neck. In addition, as roses used in the RNA sequencing were likely to 

be pre-stressed due to dry transport, gene expression changes may be showing 

secondary responses. Therefore, gene expression analysis of cut roses which 

have not been transported and with necking induced by a known source (i.e. 

Pseudomonas florescens cultures) may be an interesting comparison and could 

produce more distinct results in relation to necking. 

 

8.6 Conclusions 

In conclusion, the occurrence of necking in cut roses is complex and involves 

numerous factors, including both cultivar specific and environmental variables 

many of which are interconnected (Figure 61). This study has provided an insight 

into the factors associated with Kenyan grown roses, including the prevalence 

and impact of fungi. Although no conclusive difference in stem strength was found 

between the two cultivars in this study, harvesting of necking susceptible cultivars 

such as cv. H30 at a later stage may increase mechanical strength and provide 

some resistance to turgor loss and necking. 

This is also the first study have carried out a transcriptomic study on peduncle 

tissue during necking and has identified potential molecular mechanisms which 

may be involved with the necking process. The association between these 
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molecular processes and their potential involvement in the occurrence of necking 

have been hypothesised in Figure 61. These provide new avenues for further 

research and contribute to the current understand of necking in cut Rosa hybrida. 

For rose growers, wholesalers, supermarkets and florists, this study reinforces 

the importance of appropriate handling of flowers as a fresh produce, with 

increased microbial levels found to induce necking in both necking susceptible 

and necking tolerant cultivars. Practices that may increase microbial load such 

as poor temperature control and wounding should therefore be controlled and re-

evaluated for the occurrence of necking to be reduced. Greater awareness and 

communication of cut flower hygiene and handling practices would also greatly 

benefit the consumer and may reduce the occurrence of necking and premature 

termination of stems. This would in turn help to both reduce post-harvest waste 

and increase consumer satisfaction. 
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Figure 61. Summary of factors associated with the occurrence of necking in cut R. 
hybrida flowers. Question marks indicate hypothesised connections which need to be 
experimentally determined. 
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Appendices 

1.1 qPCR supplementary figures 

 

Electrophoresis gel of RNA extractions used for qPCR 

 

 

Melt curves from 21.08.2019, run 1 and 2. Showing single peaks for each of 

primers. Each colour represents a different primer, with lines for each of the 

stages and technical replicates clustered together. The smaller peaks to the left 

of the peak clusters were formed by the negative controls for each of the primers. 
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1.2 Statistical test output 

 

1.2.1 Physiology Chapter statistical results 

1.2.1.1 Comparison of Rosa hybrida cultivars 

 

Table 25. Relative fresh weight (RFW) ~ Cultivar ANOVA with Tukey post hoc test 

 

Table 26. Vase life ~ Cultivar ANOVA with Tukey post hoc test (Bunch data) 
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Water balance data for individual stems, analysis for each day of vase life.  

Table 27. Water balance ~ Cultivar (Day 1) Kruskal-Wallis and Wilcoxon tests 

 

Table 28. Water balance ~ Cultivar (Day 2) Kruskal-Wallis and Wilcoxon tests 
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Table 29. Water balance ~ Cultivar (Day 3) Kruskal-Wallis and Wilcoxon tests 

 

Table 30. Water balance ~ Cultivar (Day 4) Kruskal-Wallis and Wilcoxon tests 
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Table 31. Water balance ~ Cultivar (Day 5) Kruskal-Wallis and Wilcoxon tests 

 

 

Table 32. Vase life (days) ~ Cultivar Kruskal-Wallis and Wilcoxon test (Individual 
stems) 
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1.2.1.2 Relative fresh weights of flower stems 

Relative fresh weight ~ Cultivar * Stage two-way unbalance ANOVA  

Table 33. Results for ‘Stage’ from two-way unbalanced ANOVA with Tukey post-hoc 
test 

 

Table 34. Results for ‘Cultivar*Stage’ from two-way unbalanced ANOVA with Tukey 
post-hoc test 
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1.2.2 Microbial Chapter statistical results 

1.2.2.1 Fungal Petrifilm audit of the Kenyan supply chain 

Table 35. Mid stem fungal counts ~ Stage of supply chain Kruskal-Wallis and Wilcoxon 
test 

 

Table 36. Stem end fungal counts ~ Stage of supply chain Kruskal-Wallis and Wilcoxon 
test 

 

Table 37. Fungal counts Mid Stem vs Stem end (Cultivar data combined) paired 
Wilcoxon tests 
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1.2.2.2 Addition of three concentrations of Pseudomonas fluorescens to the 

vase water of H30 and Fuchsiana 

 

Table 38. Summary of coefficients from the necking stage cumulative link model 

 

 

Table 39. Necking stage cumulative link model Analysis of Deviance (type II) test 

 

 

Table 40. Vase water condition ~ necking stage (Fuchsiana stems) Kruskal-Wallis and 
Wilcoxon test 
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Table 41. Vase water condition ~ necking stage (H30 stems) Kruskal-Wallis and 
Wilcoxon test 

 

 

 

1.2.2.3 Addition of bacteria and fungal species to the vase water of H30 and 

Fuchsiana 

 

Table 42. Summary of coefficients from the necking stage cumulative link model 

 

Table 43. Necking stage cumulative link model Analysis of Deviance (type II) test 
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Table 44. Vase water condition ~ necking stage (Fuchsiana stems) Kruskal-Wallis and 
Wilcoxon test 

 

 

Table 45. Vase water condition ~ necking stage (H30 stems) Kruskal-Wallis and 
Wilcoxon test 
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1.2.3 Quantitative PCR Chapter statistical results 

1.2.3.1 Galactose metabolism 

Table 46. UGE5 relative expression ~ Necking stage ANOVA and Tukey post hoc test 

 

Table 47. SIP2 relative expression ~ Necking stage ANOVA and Tukey post hoc test 

 

Table 48. DIN10 relative expression ~ Necking stage ANOVA and Tukey post hoc test 

 

Table 49. ATBF1 relative expression ~ Necking stage ANOVA and Tukey post hoc test 
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Table 50. PGM2 relative expression ~ Necking stage ANOVA and Tukey post hoc test 

 

Table 51. AGAL3 relative expression ~ Necking stage ANOVA and Tukey post hoc test 

 

 

1.2.3.2 Phenylpropanoid biosynthesis 

Table 52. OMT1 relative expression ~ Necking stage ANOVA and Tukey post hoc test 

 

Table 53. PRXPX relative expression ~ Necking stage ANOVA and Tukey post hoc test 
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Table 54. CAD9 relative expression ~ Necking stage ANOVA and Tukey post hoc test 

 

Table 55. HCT relative expression ~ Necking stage ANOVA and Tukey post hoc test 
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