
ABSTRACT 

MCELHANNON, LAURA MICHELLE.  Optimization of Water and Nutrient Supply during 

Stock Plant Production and Propagation of Vegetative Cuttings.  (Under the direction of John 

M. Dole and Brian E. Whipker.)  

 

  Adventitious root formation is a complex physiological process affected by 

anatomical, physiological, and environmental factors and by their interactions.  Factors 

typically manipulated to improve rooting include stock plant cultural practices, storage and 

shipping conditions, propagation environment, growth regulator applications, and mineral 

nutrition. 

 We investigated the potential interaction between storage duration (simulated 

shipping) and propagation environment on the rooting response of zonal geranium, New 

Guinea impatiens, and poinsettia.  In addition, we investigated whether low cost tent or 

reemay propagation environments could replace the commonly used mist and fog systems for 

these three major floriculture species. Of the species tested, zonal geranium cuttings are the 

most sensitive to storage (simulated shipping) and should be propagated first upon receipt of 

cuttings.  Zonal geranium cuttings stored for 0 d or propagated under mist had the most roots 

and the highest shoot and root dry weights.  New Guinea impatiens may be safely stored in 

their shipping container overnight if they cannot be propagated on the day of arrival.  All 

tested propagation environments produced similar root counts and chlorophyll fluorescence 

measurements in New Guinea impatiens cuttings, indicating they can be propagated in any 

environment.  Poinsettia cuttings can be propagated under mist, fog, or tent environments, 

but should not be propagated under reemay due to reduced survival, root counts, fresh 

weight, shoot dry weight, and quality. 



 The effects of water soluble fertilizer application rates and timing during propagation 

on the adventitious rooting response of zonal geranium and petunia cuttings were 

investigated.  Adventitious root development in zonal geranium cuttings occurred faster and 

resulted in more fully rooted cuttings with less chlorosis, necrosis, and/or leaf abscission 

when provided with 50-100 mg·L-1 N throughout propagation. Petunia cuttings had less 

chlorosis, necrosis, and/or leaf abscission when provided with 50-100 mg·L-1 N during the 

root growth stage.  Soluble carbohydrate levels in the leaf, with the exception of sucrose in 

petunia, accumulated during rooting. Nutrient concentrations, with the exception of boron 

(B) and zinc (Zn) in zonal geranium cuttings, declined as rooting stage progressed due to 

dilution.  Higher concentrations of magnesium (Mg) during root initiation and early root 

expression, B during root expression and root growth, and Zn during all stages of 

adventitious rooting suggest that these nutrients are essential to adventitious rooting in zonal 

geranium cuttings. 

 We characterized the adventitious rooting response of zonal geranium cuttings 

provided a complete nutrient solution or nutrient solutions with either 10% or 0% of B, 

calcium (Ca), or B & Ca, but including all the other nutrients at the same level as the 

complete solution.  Adventitious rooting was not affected by Fe deficiency, but was affected 

by B and/or Ca deficiency.  Cuttings deficient in B and/or Ca were less likely to survive 

propagation, rooted slower, and had lower root and shoot dry weights than non-deficient 

cuttings. Our results indicate that B and Ca are essential to the adventitious rooting of zonal 

geranium and should be applied to the stock plant at recommended concentrations. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2014 Laura Michelle McElhannon 

All Rights Reserved



Optimization of Water and Nutrient Supply during Stock Plant Production and Propagation 

of Vegetative Cuttings 

 

 

by 

Laura Michelle McElhannon 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

Horticultural Science 

 

 

Raleigh, North Carolina 

2014 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 

John Dole, Ph.D.     Brian Whipker, Ph.D. 

Co-chair of Advisory Committee   Co-chair of Advisory Committee  

 

 

 

________________________________  ________________________________ 

Chad Jordan, Ph.D.     Helen Kraus, Ph.D.



 

ii 

BIOGRAPHY 

Laura Michelle McElhannon was born in Spokane, Washington to Jerry and Debra 

Moore on July 9, 1982.  She grew up in Jonesboro, Georgia and graduated from Jonesboro 

High School in May 2000.  Michelle graduated from the University of Georgia in 2004 with 

a Bachelor of Science in Agriculture.  She married Charles Rembert McElhannon in June 

2006 and they had their son, Liam Charles, in September 2007. Michelle began graduate 

studies in the Horticulture Department at Auburn University in January 2006 under the 

direction of Dr. Luther Waters Jr., Professor.  She graduated with her Master’s of Science 

degree in August 2008.  Currently, Michelle is completing the requirements for PhD degree 

in the Department of Horticultural Science at North Carolina State University under the 

direction of Drs. John M. Dole and Brian E. Whipker. 



 

iii 

ACKNOWLEDGMENTS 

 I would like to thank Drs. John Dole and Brian Whipker for their support and 

guidance.  Thank you for having the patience and the confidence in me to see me through this 

process.  Appreciation is also extended to my other committee members, Drs. Chad Jordan 

and Helen Kraus.  Donna Wright and Dr. Williamson, thank you for sharing your knowledge 

and expertise with me.  Gratitude is expressed to the floriculture technicians, graduate 

students, and student workers who have assisted me over the years.  Rachel McLaughlin, 

thank you for all your help in the graduate program.   

 Finally I would like to thank my family.  I could not have completed this if it were 

not for the encouragement and support received from my husband and son.   



 

iv 

TABLE OF CONTENTS 

LIST OF TABLES .................................................................................................... vii 

LIST OF FIGURES ................................................................................................... ix 

 

Chapter 1. Literature Review .....................................................................................1 

    Introduction ..............................................................................................................2 

    Physiology of Adventitious Root Formation..........................................................3 

    Factors Affecting Adventitious Root Formation ...................................................5 

    Propagation Systems ..............................................................................................12 

    Nutritional Control of Adventitious Rooting in Vegetative Cuttings ...............18 

    Nutrients Known to Affect Adventitious Rooting ...............................................25 

    Nutrient Ranges .....................................................................................................32 

    Objectives................................................................................................................35 

    Literature Cited .....................................................................................................36 

 

Chapter 2.  Storage duration (simulated shipping) and propagation environment 

influence propagation success of vegetative annuals ..............................................50 

    Introduction ............................................................................................................53 

    Materials and Methods ..........................................................................................55 

    Results .....................................................................................................................58 

    Discussion................................................................................................................64 

    Literature Cited .....................................................................................................67 

 

Chapter 3.  Timing of macronutrient supply during propagation of petunia and zonal 

geranium .....................................................................................................................85 

    Introduction ............................................................................................................88 



 

v 

    Materials and Methods ..........................................................................................91 

        Expt. 1 Zonal geranium .....................................................................................91 

        Expt. 2 Petunia ...................................................................................................94 

    Results .....................................................................................................................95 

        Expt. 1 Zonal geranium .....................................................................................95 

        Expt. 2 Petunia ...................................................................................................97 

    Discussion................................................................................................................98 

    Literature Cited ...................................................................................................102 

 

Chapter 4.  Effect of boron, calcium, and iron deficiencies on adventitious rooting in  

zonal geranium cuttings ..........................................................................................115 

 

    Introduction ..........................................................................................................117 

    Materials and Methods ........................................................................................119 

       Expt. 1 Iron deficiency ......................................................................................119 

       Expt. 2 Boron deficiency...................................................................................123 

       Expt. 3 Calcium deficiency ...............................................................................123 

       Expt. 4 Boron and calcium deficiency .............................................................124 

    Results ...................................................................................................................124 

        Expt. 1 Iron deficiency .....................................................................................124 

        Expt. 2 Boron deficiency..................................................................................126 

        Expt. 3 Calcium deficiency ..............................................................................129 

        Expt. 4 Boron and calcium deficiency ............................................................132 

    Discussion..............................................................................................................136 

    Literature Cited ...................................................................................................139 

 

 



 

vi 

APPENDIX ...............................................................................................................168 

    APPENDIX A. Cutting Visual Quality Rating Scale Images ..........................169 

    APPENDIX B. Adventitious Root Formation Rating Scale Images ...............171 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vii 

LIST OF TABLES 

Chapter 2 

Table 1    Effect of cultivar × storage duration × propagation environment on root  

                count of  ‘Prestige Red’ (PR) and ‘White Star’ (WS) poinsettias after  

                28 d in propagation in a range of propagation environments preceded by  

                0, 2, or 4 d storage  .......................................................................................71 

 

Chapter 3 

Table 1      Pelargonium × hortorum 'Tango Dark Red' treatments expressed as  

                  N rate (mg·L-1) .........................................................................................107 

 

Table 2     Petunia × hybrida 'Sanguna Burgundy' treatments expressed as N rate  

                 (mg·L-1) .....................................................................................................108 

 

Table 3     Pelargonium × hortorum 'Tango Dark Red' visual quality, root rating,  

                 root number, and magnesium (Mg) concentration as affected by 

                 nutrient treatments ....................................................................................109 

 

Table 4    Pelargonium × hortorum 'Tango Dark Red' visual quality, SPAD  

                rating, root rating, root number, macronutrient (N, P, K, Ca, Mg, and  

                S) concentration (% dry weight), and micronutrient (B, Cu, Fe, Mn,  

                Mo, and Zn) concentration (mg·kg-1) as affected by rooting stage in  

                time ............................................................................................................110 

 

Table 5    Carbohydrate measurements of Pelargonium × hortorum 'Tango Dark  

                Red' cuttings as affected by rooting stage in time .....................................111 

 

Table 6    Petunia × hybrida 'Sanguna Burgundy' SPAD rating, root rating, root  

                number, macronutrient (N, P, K, Ca, Mg, and S) concentration (% dry  

                weight), and micronutrient (B, Cu, Fe, Mn, Mo, and Zn) concentration  

                (mg·kg-1) as affected by rooting stage in time  ..........................................112 

 

Table 7    Carbohydrate measurements of Petunia × hybrida 'Sanguna Burgundy'  

                cuttings as affected by rooting stage in time ..............................................113 

 

 

 

 



 

viii 

Chapter 4 

Table 1    Pelargonium × hortorum 'Tango Neon Purple' visual quality ratings,  

                SPAD ratings, root ratings, and root counts as affected by nutrient  

                regime (complete nutrient solution or nutrient solutions with either  

                10% or 0% Fe, but including all other nutrients at the same level as  

                the complete solution) and rooting stage in time during expt. 1 ................144 

 

Table 2     Pelargonium × hortorum 'Tango Neon Purple' SPAD ratings, root  

                ratings, and root counts as affected by nutrient regime (complete  

                nutrient solution or nutrient solutions with either 10% or 0% B, but  

                including all other nutrients at the same level as the complete solution)  

                and rooting stage in time during expt. 2 ....................................................145 
 

Table 3    Pelargonium × hortorum 'Tango Neon Purple' shoot dry weight, root  

                dry weight, and average root length as affected by nutrient regime  

                (complete nutrient solution or nutrient solutions with either 10% or 0%  

                B, Ca, or B and Ca, but including all other nutrients at the same level as  

                the complete solution) during expt. 2-4 .....................................................146 

 

Table 4    Pelargonium × hortorum 'Tango Neon Purple' SPAD ratings, root  

                ratings, and root counts as affected by nutrient regime (complete  

                nutrient solution or nutrient solutions with either 10% or 0% Ca, but  

                including all other nutrients at the same level as the complete solution)  

                and rooting stage in time during expt. 3 ....................................................147 

 

Table 5    Pelargonium × hortorum 'Tango Neon Purple' SPAD ratings, root  

                ratings, and root counts as affected by nutrient regime (complete 

                nutrient solution or nutrient solutions with either 10% or 0% B and Ca, 

                but including all other nutrients at the same level as the complete   

solution) and rooting stage in time during expt. 4 .....................................148



 

ix 

LIST OF FIGURES 

Chapter 2 

Fig. 1        Effect of cultivar × propagation environment on root count and root dry  

                 weight of ‘Fanfare Orchid’, ‘Sonic Hot Rose on Gold’, ‘Super Sonic  

                 Red’, and ‘Super Sonic White’ New Guinea impatiens after 21 d in  

                 propagation in a range of propagation environments preceded by 0, 2, or  

                 4 d storage ...................................................................................................72 

 

Fig. 2        Effect of cultivar × storage duration on root dry weight of ‘Fanfare 

                 Orchid’, ‘Sonic Hot Rose on Gold’, ‘Super Sonic Red’, and ‘Super  

                 Sonic White’ New Guinea impatiens after 21 d in propagation in a range  

                 of propagation environments preceded by 0, 2, or 4 d storage ...................73 

 

Fig. 3        Effect of storage duration and propagation environment on root count of  

                  zonal geraniums after 21 d in propagation in a range of propagation  

                  environments preceded by 0, 2, or 4 d storage ..........................................74 

 

Fig. 4        Effect of storage duration and propagation environment on root dry  

                 weight of zonal geraniums after 21 d in propagation in a range of 

                 propagation environments preceded by 0, 2, or 4 d storage .......................75 

 

Fig. 5        Effect of cultivar × storage duration on fresh weight of ‘Fanfare Orchid’,  

                 ‘Sonic Hot Rose on Gold’, ‘Super Sonic Red’, and ‘Super Sonic White’  

                  New Guinea impatiens during 0, 2, or 4 d storage followed by 21 d of  

                  propagation ................................................................................................76 

 

Fig. 6        Effect of cultivar, storage duration, and propagation environment on  

                  fresh weight of ‘Prestige Red’ and ‘White Star’ poinsettias during 0, 2,  

                  or 4 d storage followed by 28 d of propagation .........................................77 

 

Fig. 7        Effect of cultivar × storage duration on shoot dry weight of ‘Fanfare  

                 Orchid’, ‘Sonic Hot Rose on Gold’, ‘Super Sonic Red’, and ‘Super  

                 Sonic White’ New Guinea impatiens after 21 d in propagation in a range  

                 of propagation environments preceded by 0, 2, or 4 d storage ...................78 

 

Fig. 8        Effect of storage duration × propagation environment on shoot dry  

                 weight of poinsettias after 28 d in propagation in a range of propagation   

                 environments preceded by 0, 2, or 4 d storage ...........................................79 

 

 

 

 



 

x 

Fig. 9        Effect of cultivar × storage duration on shoot dry weight of ‘Charleston’,   

                 ‘Designer Dark Red’, ‘Rocky Mountain Violet’, and ‘Tango Dark Red’  

                  zonal geraniums after 21 d in propagation in a range of propagation  

                  environments preceded by 0, 2, or 4 d storage ..........................................80 

 

Fig. 10      Effect of storage duration × propagation environment on quality of  

                  poinsettias after 0, 2, or 4 d storage followed by 28 d of propagation.......81 

 

Fig. 11      Effect of cultivar × storage duration on quality of ‘Charleston’,  

                 ‘Designer Dark Red’, ‘Rocky Mountain Violet’, and ‘Tango Dark Red’  

                  zonal geraniums after 0, 2, or 4 d storage followed by 21 d of  

                  propagation ................................................................................................82 

 

Fig. 12      Effect of cultivar × storage duration on SPAD chlorophyll index in  

                 ‘Charleston’, ‘Designer Dark Red’, ‘Rocky Mountain Violet’, and  

                 ‘Tango Dark Red’ zonal geraniums during 2 or 4 d of storage and  

                  during 7 d of propagation ...........................................................................83 

 

Fig. 13      Effect of cultivar × storage duration on SPAD chlorophyll index in  

                 ‘Charleston’, ‘Designer Dark Red’, ‘Rocky Mountain Violet’, and  

                 ‘Tango Dark Red’ zonal geraniums during 21 d of propagation and  

                  during 0, 2, or 4 d storage followed by 21 d of propagation  .....................84 

 

 

Chapter 3 

Fig. 1        Effect of nutrient treatment × rooting stage in time on visual quality in  

                 Petunia × hybrida 'Sanguna Burgundy .....................................................114 

 

 

Chapter 4 

Fig. 1        Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% Fe, but including all other nutrients at  

                  the same level as the complete solution) × rooting stage in time on  

                  macronutrient concentration in Pelargonium × hortorum 'Tango Dark  

                  Red' during expt. 1 ...................................................................................149 

 

Fig. 2        Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% Fe, but including all other nutrients at  

                  the same level as the complete solution) × rooting stage in time on  

                  micronutrient concentration in Pelargonium × hortorum 'Tango Dark  

                  Red' during expt.1 ....................................................................................150 

 



 

xi 

Fig. 3        Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% B, but including all other nutrients at  

                  the same level as the complete solution) × rooting stage in time on  

                  visual quality during expt. 2, harvest 1 and harvest 2 in Pelargonium  

                  × hortorum 'Tango Neon Purple' .............................................................151 

 

Fig. 4        Effect of nutrient regime (complete nutrient solution or nutrient 

                  solutions with either 10% or 0% B, but including all other nutrients at  

                  the same level as the complete solution) × rooting stage in time on  

                  root ratings during expt. 2, harvest 1 in Pelargonium × hortorum  

                  'Tango Neon Purple' .................................................................................152 

 

Fig. 5        Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% B, but including all other nutrients at 

                  the same level as the complete solution) × rooting stage in time on  

                  macronutrient concentration in Pelargonium × hortorum 'Tango Neon  

                  Purple' during expt. 2, harvest 1 ..............................................................153 

 

Fig. 6        Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% B, but including all other nutrients at 

                  the same level as the complete solution) × rooting stage in time on  

                  macronutrient concentration in Pelargonium × hortorum 'Tango Neon  

                  Purple' during expt. 2, harvest 2 ..............................................................154 

 

Fig. 7        Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% B, but including all other nutrients at 

                  the same level as the complete solution) × rooting stage in time on  

                  micronutrient concentration in Pelargonium × hortorum 'Tango Neon 

                  Purple' during expt. 2, harvest 1 ..............................................................155 

 

Fig. 8        Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% B, but including all other nutrients at 

                  the same level as the complete solution) × rooting stage in time on  

                  micronutrient concentration in Pelargonium × hortorum 'Tango Neon  

                  Purple' during expt. 2, harvest 2 ..............................................................156 

 

Fig. 9        Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% Ca, but including all other nutrients at 

                  the same level as the complete solution) × rooting stage in time on  

                  SPAD ratings during expt. 3, harvest 1 in Pelargonium × hortorum  

                  'Tango Neon Purple' .................................................................................157 

 

 



 

xii 

Fig. 10      Effect of nutrient regime (complete nutrient solution or nutrient  

                  solution with 10% Ca, but including all other nutrients at the same  

                  level as the complete solution) × rooting stage in time on root count  

                  during expt. 3, harvest 2 in Pelargonium × hortorum 'Tango Neon  

                  Purple' ......................................................................................................158 

 

Fig. 11      Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% Ca, but including all other nutrients at 

                  the same level as the complete solution) × rooting stage in time on 

                  macronutrient concentration in Pelargonium × hortorum 'Tango Neon  

                  Purple' during expt. 3, harvest 1 ..............................................................159 

 

Fig. 12      Effect of nutrient regime (complete nutrient solution or nutrient  

                  solution with 10% Ca, but including all other nutrients at the same  

                  level as the complete solution) × rooting stage in time on  

                  macronutrient concentration in Pelargonium × hortorum 'Tango Neon  

                  Purple' during expt. 3, harvest 2 ..............................................................160 

 

Fig. 13      Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% Ca, but including all other nutrients at  

                  the same level as the complete solution) × rooting stage in time on  

                  micronutrient concentration in Pelargonium × hortorum 'Tango Neon  

                  Purple' during expt. 3, harvest 1 ..............................................................161 

 

Fig. 14      Effect of nutrient regime (complete nutrient solution or nutrient  

                  solution with 10% Ca, but including all other nutrients at the same  

                  level as the complete solution) × rooting stage in time on micronutrient   

                  concentration in Pelargonium × hortorum 'Tango Neon Purple' during  

                  expt. 3, harvest 2 ......................................................................................162 

 

Fig. 15      Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% B and Ca, but including all other  

                  nutrients at the same level as the complete solution) × rooting stage in  

                  time on visual quality during expt. 4, harvest 1 and harvest 2 in  

                  Pelargonium × hortorum 'Tango Neon Purple'........................................163 

 

Fig. 16      Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% B and Ca, but including all other  

                  nutrients at the same level as the complete solution) × rooting stage in  

                  time on macronutrient concentration in Pelargonium × hortorum  

                  'Tango Neon Purple' during expt. 4, harvest 1 .........................................164 

 

 



 

xiii 

Fig. 17      Effect of nutrient regime (complete nutrient solution or nutrient  

                  solution with 10% B and Ca, but including all other nutrients at the  

                  same level as the complete solution) × rooting stage in time on  

                  macronutrient concentration in Pelargonium × hortorum 'Tango Neon  

                  Purple' during expt. 4, harvest 2 ..............................................................165 

 

Fig. 18      Effect of nutrient regime (complete nutrient solution or nutrient  

                  solutions with either 10% or 0% B and Ca, but including all other  

                  nutrients at the same level as the complete solution) × rooting stage in  

                  time on micronutrient concentration in Pelargonium × hortorum  

                  'Tango Neon Purple' during expt. 4, harvest 1 .........................................166 

 

Fig. 19      Effect of nutrient regime (complete nutrient solution or nutrient  

                  solution with 10% B and Ca, but including all other nutrients at the  

                  same level as the complete solution) × rooting stage in time on  

                  micronutrient concentration in Pelargonium × hortorum 'Tango Neon  

                  Purple' during ext. 4, harvest 2 ................................................................167 

 

 

Appendix A  

Fig. 1        Cutting visual quality rating of 5 = no damage from chlorosis, necrosis,  

                  and/or leaf abscission. ..............................................................................169 

 

Fig. 2        Cutting visual quality rating of 4 = 1% to 25% combined damage from  

                  chlorosis, necrosis, and/or leaf abscission ...............................................169 

 

Fig. 3        Cutting visual quality rating of 3 = 26% to 50% combined damage  

                 from chlorosis, necrosis, and/or leaf abscission........................................170 

 

Fig. 4        Cutting visual quality rating of 2 = 51% to 75% combined damage  

                 from chlorosis, necrosis, and/or leaf abscission........................................170 

 

 

Appendix B 

 

Fig. 1        Adventitious root formation rating of 0=no callus or visible root  

                  activity......................................................................................................171 

 

Fig. 2        Adventitious root formation rating of 1 = undifferentiated cell division  

                  prior to organized root formation. ............................................................171 

 

 



 

xiv 

Fig. 3        Adventitious root formation rating of 2 = organized subcutaneous root  

                  initials (primordia) ...................................................................................172 

 

Fig. 4        Adventitious root formation rating of 3 = primordia elongation and  

                  visible root emergence beyond the epidermis... .......................................173 

 

Fig. 5        Adventitious root formation rating of 4 =emerged primary  

                  roots >5 mm .............................................................................................174 

 

Fig. 6        Adventitious root formation rating of 5 = lateral roots... .........................174 

 

 

 

 



 

1 

Chapter 1 

 

 

Literature Review 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2 

 Trade in floricultural products is increasing globally (Sheela, 2008).  Consumer 

demand has encouraged an increase in floriculture breeding efforts to produce new hybrids 

and cultivars each year (Dole and Hamrick, 2006; Gibson, 2003).  Increasingly, these new 

introductions are released as vegetative cuttings rather than seed (Leatherwood et al., 2006).  

Vegetative cuttings provide genetic stability and uniform growth and development allowing 

for synchronization of plant production and increased automation (Druege, 2009).    

 Growers in the United States use vegetative cuttings shipped from around the world for 

production of finished plants.  Purchasing cuttings from offshore production facilities 

requires less greenhouse space and eliminates the need to maintain stock plants.  Unrooted 

cuttings for North American production are imported primarily from Central America and 

Mexico where favorable climates, high irradiance, low land costs, and inexpensive hand 

labor are plentiful (Dole and Hamrick, 2006; Druege, 2009; Faust and Enfield, 2010; 

Rudnicki et al., 1991).  Imports of unrooted cuttings to the United States doubled from 498 

million in 2000 to nearly 1 billion cuttings in 2010.  The United States imported $80.8 

million in unrooted cuttings in 2013 (Foreign Agricultural Service, 2014) and produced $366 

million in propagative floriculture material in 2012 from the 15 states the USDA reports.  In 

the same year hanging baskets, finished flats, and pots of three cutting propagated species, 

zonal geraniums (Pelargonium x hortorum L.H. Bailey), poinsettias (Euphorbia pulcherrima 

Willd. ex Klotzsch), and New Guinea impatiens (Impatiens hawkeri W. Bull), had a 15-state 

wholesale value of $307 million (United States Department of Agriculture National 

Agriculture Statistics Service, 2013). 
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 The success of rooting stations and finished plant producers is highly dependent on 

the import of high-quality cuttings (Purer and Mayak, 1988).  However, cutting quality may 

be diminished by stress exposure during storage, shipping, or propagation resulting in 

monetary losses to growers (Doyle et al., 2003).  Healthy, unrooted cuttings should have the 

ability to initiate and continue growth of initiated roots (Purer and Mayak, 1988).  Losses 

occur when cuttings do not form roots or form poor quality roots.  Poor or slow rooting often 

necessitates increased amounts of fungicides to protect cuttings, increasing production costs 

(De Klerk et al., 1999). 

Physiology of Adventitious Root Formation 

 Adventitious root formation is the primary regenerative process required for 

vegetative cutting propagation (Altamura, 1996; De Klerk et al., 1999).  Adventitious root 

meristems are formed post-embryonically from differentiated cells in nonroot plant organs 

(Casson and Lindsey, 2003).  The formation of adventitious roots requires that a cell, or 

group of cells, initiate a new developmental program.  Adventitious roots may form naturally 

from direct organogenesis or they may form following wounding (Altamura, 1996; De Klerk, 

2000; Hamann, 1998).  Preformed, or latent, root initials develop naturally on attached stems 

of some species and may be outwardly visible or below the epidermis.  These initials remain 

dormant until cuttings are excised and placed in a favorable rooting environment (Geiss et 

al., 2009; Hartmann et al., 2002).   

 Wound induced roots are produced as a regenerative response to injury or excision 

(Hartmann et al., 2002).  Removing a cutting from the stock plant results in injury and 
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separation from the resources of the mother plant (Ahkami et al., 2009; Druege, 2009).  

Excised shoot cuttings need to quickly form new roots to restore water and nutrient uptake 

(Druege, 2009).  Excision causes wounded outer cells to die forming a necrotic plate and 

sealing the cut surface.  Cells behind the necrotic plate begin dividing forming callus from a 

layer of parenchyma cells.  Callus formation and adventitious root formation are independent 

events in easy-to-root species (Hartmann et al., 2002).   

 Stages.  “Adventitious root formation is an organized developmental process 

involving discrete biochemical, physiological, and histological events” (Davies and 

Hartmann, 1988).  It is generally divided into three consecutive, but interdependent, 

developmental stages: induction, initiation, and expression.  Rooting stages are classified 

based on histological (Lovell and White, 1986) and biochemical (Gaspar, 1981) changes and 

may be physiologically identified by reactions to added hormones (De Klerk et al., 1995).  

The inductive stage is the period of biochemical and molecular events preceding the 

initiation of cell division (De Klerk et al., 1999; Gaspar et al., 1997; Hartmann et al., 2002; 

Scagel, 1999).  Only changes at the biochemical and molecular level are perceptible (De 

Klerk, 2000).  An increase in peroxidase activity in the phloem and xylem ray cells of the 

vascular bundles can be used to predict induction (Gaspar et al., 1997).  The initiation stage 

consists of cell dedifferentiation and division leading to the formation of the internal root 

meristem and the subsequent development of these root initials into organized primordia.  

The expression stage includes the internal growth of root primordia, formation of vascular 

tissue between the root primordia and cutting vascular tissues, and root emergence 

(Bellamine et al., 1998; De Klerk et al., 1999; Hartmann et al., 2002; Scagel, 1999).  
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Swelling of the stem base is often the first visible sign of rooting (Eliasson, 1978).  After 

emerging from the stem epidermis, adventitious roots behave like normal roots, producing 

new laterals (Geiss, 2009).  The overall success of rooting relies on the optimal progress of 

each rooting stage (Bellamine et al., 1998; De Klerk et al., 1999; Hartmann et al., 2002; 

Kevers et al., 1997; Scagel, 1999; Schwambach et al., 2005). 

 The length of time required for root initiation and emergence varies widely from 

species to species and is affected by the season and cutting type (Hartmann et al., 2002; 

Lovell and White, 1986).  Stangler (1956) microscopically observed root initials after 3 days 

in chrysanthemum [Chrysanthemum morifolium (Ramat.) Hemsl.], 5 days in carnation 

(Dianthus caryophyllus L.), and 7 days in rose (Rosa dilecta Rehder).  Visible root 

emergence varied from 10 days in chrysanthemum to 3 weeks in carnation and rose.  

Histological examinations of apple (Malus domestica Baumg.) microcuttings by De Klerk et 

al. (1995) showed the appearance of cells with swollen nuclei and dense cytoplasm after 24 

h, first cell divisions after 48 h, and the formation of meristemoids of 30 cells after 96 h. 

Factors Affecting Adventitious Root Formation 

 Adventitious root formation is a complex physiological process affected by 

anatomical, physiological, and environmental factors and by their interactions (Agullo-Anton 

et al., 2010; Ahkami et al., 2009).  Conclusive information on the genetic and biochemical 

control of adventitious rooting is lacking (Falasca et al., 2004).  Factors typically 

manipulated to improve rooting include stock plant cultural practices, storage and shipping 
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conditions, propagation environment, growth regulator applications, and mineral nutrition 

(Geiss, 2009; Haissig, 1986). 

 Stock plant.  Stock plants have both short-term and long-term impacts on the rooting 

ability of cuttings.  The moisture, nutrient, light, and temperature levels experienced by the 

cutting prior to excision have short-term effects while the physiological condition of the 

cutting has long-term effects on rooting.  Variations in rooting ability are attributed to factors 

between shoots within a stock plant and factors within a single shoot.  There may be 

substantial differences in rooting ability between lateral shoots within a stock plant, with 

cuttings from the upper shoots having the highest rooting ability.  Within a single shoot is an 

age gradient resulting in variation in leaf size, leaf water potential, carbon and nutrient 

balance, leaf senescence, internode length and diameter, lignification, and respiration.  The 

effect of age gradients means that no two cuttings are physiologically identical and therefore 

cannot have the same rooting ability (Leakey, 2004).   

 Preconditioning techniques have long been used on stock plants to improve rooting 

potential.  Preconditioning techniques include light exclusion, modifying environmental 

conditions, hedging, rejuvenation by micropropagation, grafting, girdling, and treatment with 

chemical growth regulators (Hartmann et al., 2002; Howard, 1994).   

 Cold-chain management.  The handling of cuttings prior to insertion into the 

propagation environment partially determines the level of stress that the cutting experiences 

(Leakey, 2004).  Cuttings grown on site are quickly placed in the propagation environment 

after excision (Hamilton et al., 2002), while cuttings grown off site undergo postharvest dark 

storage and/or transport to rooting stations before being placed in a suitable rooting 
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environment.  Excised cuttings are commonly stored prior to shipping to allow producers to 

control supply during periods of excess production or high demand (Druege, 2009).  Storage 

and shipping may be detrimental to cutting quality.  Excision and placement in darkness 

induces guard cell closure, decreasing gas exchange and ability to maintain proper leaf 

temperature (Behrens, 1988; Bredmose and Nielson, 2009; Pospisilova, 2003).  Prolonged 

storage or shipping may reduce cutting survival and adventitious rooting due to increased 

respiration, dehydration, light exclusion, pathogens, and/or ethylene accumulation (Druege, 

2009; Hamilton et al., 2002; Hartmann et al., 2002).   

 Temperature control is the most effective means of preventing damage to cuttings 

during storage and shipping (Arteca et al., 1996).  Stored cuttings are maintained in darkness 

at low temperatures, commonly 10ºC, near 100% relative humidity to reduce primary 

metabolic processes (Agullo-Anton, 2010; Behrens, 1988; Druege, 2009; Rudnicki et al., 

1991).  In many species cutting quality decreases with increasing storage time and storage at 

sub-optimal temperatures may result in discoloration or water soaking of tissue, accelerated 

senescence, desiccation, chlorosis, increased disease susceptibility, and loss of vigor (Faust 

and Enfield, 2010; Lopez and Runkle, 2008).  Low temperature storage of many temperate-

zone species, such as azalea (Rhododendron hybrids), carnation, or chrysanthemum, does not 

have negative effects (Rudnicki et al., 1991) and may even have positive effects.  Agullo-

Anton et al. (2010) demonstrated an increase in early rooting and the amount and length of 

adventitious roots in non-auxin treated cuttings of carnation with cold storage for up to 4 

weeks, despite a reduction in sugar accumulation at the stem base.  Agullo-Anton et al. 
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(2010) suggests that cold storage could promote root induction factors and the establishment 

of new carbohydrate sinks in the stem base.   

 Although shipping temperatures should be kept at 10ºC for most crops (Styer, 2009), 

temperature control is costly and not practical in all situations (Arteca et al., 1996).  Low 

temperatures result in chilling injury and tissue necrosis in sensitive cuttings such as New 

Guinea impatiens, lantana (Lantana camara L.), Begonia species, and coleus [Solenostemon 

scutellarioides (L.) Codd].  High temperatures have equally deleterious effects (Styer, 2009).  

Dark storage of cuttings at high temperatures allows for the continuation of primary 

metabolic processes, which can deplete carbohydrates (Purer and Mayak, 1988).  Ethylene 

production is stimulated by excision, shipping, and storage induced stress at temperatures 

above 15ºC and increases with increasing temperature.  Ethylene damage results in yellowing 

of lower leaves, leaf abscission, tip abortion, and possibly slower rooting (Styer, 2009).  In 

addition, chlorotic leaves promote Botrytis susceptibility within the shipping containers 

(Arteca et al., 1996). 

 Low temperature storage reduced quality in zonal geranium and New Guinea 

impatiens cuttings.  Visual quality, leaf weight, and chlorophyll content of zonal geranium 

cuttings declined in storage as temperature increased from 10° to 25°C.  Photosynthesis, 

respiration, carbohydrates, starch, and protein levels declined after 5 days of storage at 25°C 

(Arteca et al., 1996).  Chlorophyll fluorescence and visual quality decreased by 65 and 80% 

in ‘Harmony White’ and by 76 and 80% in ‘Harmony Magenta’, respectively, New Guinea 

impatiens as storage increased from 0 to 5 days at 0°C (Lopez and Runkle, 2008). 
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While temperatures are controlled in storage, high temperature extremes and delays in 

shipping are common in transit (Faust et al., 2010; Hamilton et al., 2002).  Air and ground 

transportation to rooting stations may take up to 3 days (Faust and Enfield, 2010), exposing 

cuttings to darkness, transit vibration, water stress, and temperature extremes (Arteca et al., 

1996).  Delays in transit may cause additional decay in quality and variability in rooting 

performance (Doyle et al., 2003; Faust and Enfield, 2010).  Simulated shipping of coleus at 

22ºC for up to 7 days showed a negative correlation between days of shipping and cutting 

quality, rooting response, and chlorophyll content (Hamilton et al., 2002). 

 Rooting environment.  Optimal environmental conditions result in greater propagation 

success, even in difficult to root species (Harrison-Murray et al., 1988; Mateja et al., 2007).  

A properly managed rooting environment minimizes the physiological shock caused by 

excision, maximizes the number of rooted cuttings, and reduces rooting variation (Jinks, 

1995; Leakey, 2004; Loach, 1988a).  The metabolic and developmental processes of rooting 

are affected by irradiance, water, air temperature, and leaf temperature (Grange and Loach, 

1984; Loach, 1988b; Newton and Jones, 1993).  Commercial growers alter the rooting 

environment to best suit the needs of the unrooted cutting (Hartmann et al., 2002).   

 The water status of cuttings is one of the most, if not the most important 

environmental factor affecting adventitious root formation (Andersen, 1986).  Although 

propagation by stem cuttings is one of the most effective propagation techniques, cuttings are 

prone to dehydration stress prior to root formation (Leakey, 2004).  Even a mild water deficit 

that is visually undetectable may delay or inhibit rooting and typically results in cuttings with 

fewer roots (Leakey, 2004; Mateja et al., 2007).  Fortunately, water is the easiest 
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environmental factor to manage in the rooting environment (Leakey, 2004; Mateja et al., 

2007).   

 Cutting water status represents a balance between transpirational water loss and water 

uptake (Hartmann et al., 2002).  Although the water supply from the roots to the leaves has 

been interrupted, the leaves continue to lose water through transpiration (Williams, 2006).  

Cuttings need to replace lost water to maintain adequate turgor for root formation.  The 

cutting base and any foliage bathed in the propagation media are the primary entry points for 

water (Hartmann et al., 2002; Loach, 1988b).  Wetter propagation media increases water 

uptake by cuttings, but excessively wet media can cause anaerobic conditions to develop 

(Grange and Loach, 1983; Hartmann et al., 2002).  Water uptake initially declines when 

cuttings are inserted into the media due to blockage of the xylem vessels from embolisms 

and/or collapse of tracheids.  Once roots are formed, contact between the propagation media 

water and the cutting is restored (Hartmann et al., 2002).   

 Nutrition and carbohydrates.  Optimal nutrition is necessary for successful 

adventitious root formation and influences quality and production time (Hartmann et al., 

2002; Rowe and Cregg, 2002).  Stock plants and cuttings require nutrients in the correct 

form, amount, location, and time to encourage root formation and prevent growth limitations 

(Haissig, 1986; Santos et al., 2008; van Iersel et al., 1998).  However, fertilization of cuttings 

during propagation is challenging; small substrate volumes leach quickly and have little 

buffering capacity, possibly leading to a rapid change in media pH (Styer and Koranski, 

1997).  In addition, sinks in growing shoot tissues compete with the stem base and roots for 

nutrients (Eliasson, 1978). 
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 Adventitious root formation is an energy consuming process and requires energy 

reserves and macromolecule carbon skeletons for organic compounds.  Low carbohydrate 

levels restrict the rate and extent of adventitious root formation (Druege et al., 2004).  

Carbohydrates may also influence metabolism, osmoregulation (Hasissig, 1986), and interact 

in a regulatory role with plant hormone signaling (Nordsrom and Eliasson, 1984).  For root 

formation to occur, carbohydrates need to be produced faster than they are used in respiration 

to maintain a sufficient supply to the area of root regeneration (Haissig, 1986; Hamilton et 

al., 2002; Veierskov, 1988).  Leaf carbohydrate levels may be negligible after storage and 

shipping and must be replenished by photosynthesis before carbohydrates can be supplied to 

the cutting base for adventitious root formation (Druege et al., 2004).  However, some studies 

argue that sufficient carbohydrates for adventitious rooting are maintained during dark 

storage at cold temperatures (Agullo-Anton et al., 2010).  The degree of carbohydrate loss 

differs among tissues and preconditioning of the stock plant (Agullo-Anton et al., 2010; 

Druege et al., 2004).  

 Research on carbohydrates in petunia (Petunia × hybrida E.Vilm.) cuttings indicates 

a greater role of carbohydrates in root growth rather than in root initiation.  Sucrose is the 

most important mobile carbon source in photosynthetically active tissues.  Sucrose began to 

accumulate in the base of petunia cuttings 24 hours post excision, but prior to root initiation 

(Ahkami et al., 2009).    Temporal course studies support the shoot as a strong source.  Shoot 

dry matter accumulated in petunia during the first week of propagation (Klopotek et al., 

2012).  While some of the basipetaly translocated sucrose was used to provide energy for 

differentiation, a significant portion was converted to starch for later use at root emergence.  
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Source leaf sucrose increased from 144 hours post excision onwards, coinciding with the 

development of root primordia and indicating an increased requirement for sucrose during 

the later stages of adventitious root formation (Ahkami et al., 2009).  

Propagation Systems 

 An ideal propagation system should reduce physiological stresses to the tissues while 

promoting meristematic activity in the stem (Leakey, 2004).  This can be achieved by 

maintaining an atmosphere with a low water vapor pressure deficit between the surrounding 

air and the leaves; acceptable temperatures for meristematic activity at the cutting base, while 

avoiding heat stress to the leaves; and light at levels sufficient for photosynthesis and 

carbohydrate production (Andersen, 1986; Hartmann et al., 2002; Leakey, 2004; Newton and 

Jones, 1993).  A low water vapor pressure deficit can be maintained by reducing leaf 

temperature and/or by maintaining high relative humidity (Hartmann et al., 2002; Jinks, 

1995; Mateja et al., 2007; Mudge et al., 1995).   

 Several propagation systems are used to manipulate the rooting environment 

including intermittent mist, fog, and high-humidity enclosures (Dole and Bilderback, 2006).  

These systems vary in their ease of use and ability to accurately control the propagation 

environment (Loach, 1988a).  Cutting management practices differ for each propagation 

system and growers may face a learning curve when switching systems (Blythe, 2007).  

Rooting a wide variety of crops or rooting stages in the same propagation space ads to the 

complexity (Williams, 2006). 
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 Mist Systems.  Mist systems have been used in propagation since the 1930s, but were 

uncommon until the 1950s (Preece, 2003).  Currently, intermittent mist is the most common 

propagation system used to root cuttings in the floriculture industry and provides propagators 

with superior control over the rooting environment.  Mist nozzles produce small droplets of 

water which provide a uniform film over the cuttings (Dole and Bilderback, 2006; Williams, 

2006) and evaporative cooling, maintaining cutting turgidity and reducing transpiration 

(Hartmann et al., 2002; Santos and Fisher, 2009). 

 Advantages of intermittent mist include high humidity, replacement of water lost by 

transpiration, moist rooting medium, automation, and potential reduction in fungal diseases, 

as some species cannot germinate on wet leaves.  However, mist nozzles may clog and mist 

systems may cause or encourage over saturation of the media, algae growth, leaching of 

foliar and media nutrients, disease spread due to water splashing, and a reduction in rooting 

medium temperature (Blythe, 2007; Leatherwood et al., 2006).  Most issues can be avoided 

by properly monitoring and adjusting the mist system (Leatherwood et al., 2006).  Cuttings 

can be fertilized while under mist to avoid nutrient deficiencies (Zhang and Graves, 1995).  

Mist should be reduced as cutting form roots and during periods of low light (Dole and 

Bilderback, 2006). 

 The environment around mist systems may be open or closed.  Fluctuation in ambient 

humidity is common in open-bench mist systems.  Enclosed mist uses polyethylene-covered 

structures to reduce these fluctuations and provide more consistency in the wetting of foliage.  

Mist systems are typically automated by static control, with mist on for a specified period or 

off for a specified period (Geneve et al., 1999; Williams, 2006).  Some growers may adjust 



 

14 

the mist interval manually based on cutting water status; however, this is uncommon as 

forgetting to re-adjust the mist during high irradiance conditions can result in cutting damage 

or loss.  More commonly, the misting intervals are chosen to satisfy extreme mid-day 

conditions, resulting in excessive water use during cloudy weather, mornings, and evenings.  

Dynamic control systems are now commonly used and rely on plant or environmental signals 

to determine cutting water status (Geneve et al., 1999) 

 Fog Systems.  Fog systems have been available to the greenhouse industry for 

evaporative cooling since 1980.  A high-pressure pumping system generates water droplets 

less than 10 microns.  These droplets are passed into the air as vapor, remaining suspended 

and cooling upon evaporation instead of condensing and wetting leaf surfaces.  The air is 

nearly saturated with water vapor, creating near 100% humidity and surrounding the 

propagation benches in a visible fog (Hartmann et al., 2002; Williams, 2006).  Evaporation is 

limited, reducing transpirational water loss and amount of water applied.  Although a dense 

fog is visible, it does not provide shade (Press, 1983). 

 High-humidity enclosures.  High-humidity enclosures fall into two categories: raised 

tent enclosures and direct contact enclosures (Dole and Bilderback, 2006; Loach, 1988a).  

Both are quick to construct, simple, low cost, and suitable for use in areas without ready 

access to electricity or piped water (Leatherwood et al., 2006; Loach, 1988a).  High-humidity 

enclosures vary in size from a single plastic covered greenhouse bed to an entire hoop house.  

Humidity is maintained in the enclosure by applying a minimal amount of water using spray 

nozzles, irrigation nozzles, or a fog system (Blythe, 2007).   
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 Polyethylene covered tent enclosures are effective for rooting cuttings of many 

woody ornamental species (Hartmann et al., 2002).  Tent enclosures are constructed by 

building a bow or box shaped framework over greenhouse benches and covering with a thin 

layer of polyethylene film (Hartmann et al., 2002; Leatherwood et al., 2006; Williams, 2006).  

Box shaped designs may allow condensation to form on the tent ceiling, causing sagging of 

the tent and moisture to drip on the cuttings (Williams, 2006).  A properly functioning tent 

enclosure maintains near 100% humidity when filled to capacity, reducing transpiration and 

eliminating the need for constant water application (Dole and Bilderback, 2006; Gouin, 

1980).  However, cuttings may be misted throughout the day should the humidity fall 

(Hartmann et al., 2002; Leatherwood et al., 2006); 

 Tent enclosures are easily constructed within existing greenhouses, more flexible than 

other rooting environments, require minimum care, allow for direct sticking of cuttings, and 

eliminate over watering, algae growth on floors, and control system malfunctions (Dole and 

Bilderback, 2006; Gouin, 1980; Williams, 2006).  Clear polyethylene is used in winter; 

however, heat buildup often necessitates the use of white polyethylene, shading, and/or 

ventilation in the summer (Williams, 2006).   

 Direct contact enclosures have been used for nearly a century and are the simplest 

rooting environments to construct.  Muslin canopies have been in use since 1920 to provide 

shade and increase humidity around cuttings (Preece, 2003).  Cutting are stuck, either in 

propagation or final containers, watered-in, and covered with a thin layer of polyethylene 

film (1 or 2 mil), spun-bound polyester fabric (such as reemay), or polypropylene sheeting to 

maintain high humidity and reduce light intensity.  The material is laid directly over the 
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cuttings and tucked around the edges (Dole and Bilderback, 2006; Gouin, 1980; Williams, 

2006).  White copolymer therma-blankets may be used outdoors to extend outdoor woody 

ornamental propagation in summer months (Gouin, 1980).   

 Direct contact enclosures rely on the condensation formed on the inside of the 

material to provide moisture for the leaves, maintain high humidity, and control temperatures 

(Andersen, 1986; Grange and Loach, 1983; Hartmann et al., 2002).  Although contact 

polyethylene systems generally provide sufficient humidity for rooting without additional 

mist (Hartmann et al., 2002), perforated polyethylene and spun bound polyester can be 

dampened throughout the day (Dole and Bilderback, 2006).  Contact enclosures allow direct 

stuck cuttings in the final container to be grown in place and do not require dedicated 

propagation space.  However, monitoring cutting for progress and diseases can be difficult.  

The material can be completely removed once sufficient roots have developed (Dole and 

Bilderback, 2006; Hartmann et al., 2002; Leatherwood et al., 2006).  

 Subirrigation.  Subirrigation may be used alone or in conjunction with mist and fog.  

Zhang and Graves (1995) demonstrated a simple subirrigation system that could be used 

successfully for both woody and herbaceous cuttings.  Cuttings of ‘Charm’ chrysanthemum 

and coleus were propagated in perforated trays filled with perlite and placed in either larger, 

non-perforated flats and irrigated twice a week to a 2 cm depth or on a greenhouse bench and 

irrigated by mist.  All cuttings rooted in both environments and dry weights were similar.  

Wilt was greatest in subirrigated chrysanthemum, but did not reduce the number of rooted 

cuttings or contribute to any visual differences between environments.  However, Rowe and 

Cregg (2002) report that while subirrigation is suitable for rooting of many woody species, 
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herbaceous cuttings require higher humidity than what is provided by subirrigation alone to 

avoid desiccation. 

 Comparison of propagation systems.  All propagation systems have the potential to 

be effective, but vary in their cost, ease of use, and sophistication (Leakey, 2004).  While 

mist and fog systems are the most common rooting environments and can be used to lower 

temperatures during periods of high heat, they require more setup and initial expense than 

simple enclosures (Hartmann et al., 2002; Leatherwood et al., 2006).  Fog nozzles use 

significantly less water than mist nozzles, causing less media saturation, foliar nutrient 

leaching, and reduction in media temperatures than mist.  Compared to mist, fog systems 

have fewer disease problems, less stress to cuttings, and allow for closer spacing, but have 

higher initial and ongoing maintenance costs (Hartmann et al., 2002; Leatherwood et al., 

2006; Press, 1983).  Mist and fog propagation systems may be an inefficient use of water and 

electricity (Geneve et al., 1999) and inappropriate for smaller facilities (Newton and Jones, 

1993).   

 The ideal propagation system may vary by season and location.  Loach (1977) 

investigated the rooting of three woody ornamentals during propagation under mist and 

contact polythene.  Neither mist nor contact polythene were consistently superior.  Rooting 

was best under contact polythene during the lower radiation conditions of winter, but poor 

under the high radiation conditions of summer.   

 Mudge et al. (1995) compared the propagation of three tropical shrub species in 

shaded contact polyethylene enclosures to open propagation with and without intermittent 

mist.  Softwood cuttings of the three species rooted best under contact polyethylene.  The 



 

18 

authors speculated the warm air trapped within the enclosure during suboptimal night 

temperatures might have improved rooting.  Under enclosures, the air is permanently close to 

full saturation and a leaf-air vapor pressure difference will always exist when leaf 

temperatures rise above air temperatures.  This accounts for the poor performance of cuttings 

under unshaded polythene during summer conditions (Loach, 1977).  Heat buildup within 

enclosures makes them best suited for propagation of crops that grow best in warm, humid 

conditions (Blythe, 2007). 

 Loach (1988a) reported rooting percentage on eight woody ornamental species.  

Rooting was highest in summer under the contact enclosure and in winter under the tent 

enclosure.  During summer, cuttings in the contact enclosure gained water and maintained 

turgor during propagation while cuttings in the tent enclosure lost water.  Although vapor 

pressure surrounding the cuttings was found to be similar in both systems, leaves were cooler 

under contact polyethylene due to direct contact with the polyethylene sheet and the 

evaporation of leaf condensation.   

Nutritional Control of Adventitious Rooting in Vegetative Cuttings 

 Nutrient requirements for stock plants. Proper stock plant fertility is essential for the 

rapid growth of cuttings (Wang, 1990).  Stock plants must have adequate nutrient reserves to 

supply cuttings with essential elements until they form new roots (Fonteno and Dole, 2006).  

Conditioning of the stock plant by the control of nutrition has been shown to improve 

adventitious root formation (Ahkami et al., 2009).  Nitrogen levels have been found to have 
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more of an effect on the rooting of cuttings than potassium or phosphorus levels (Gibson, 

2006).   

 Fertilization strategies for stock plants and the subsequent rooting of excised cuttings 

were studied in chrysanthemum, zonal geranium, and New Guinea impatiens with 

contradictory results (Druege et al., 1998; Ganmore-Neuman and Hagiladi, 1990; Gibson, 

2003).  Roeber and Reuther (1982) supplied chrysanthemum stock plants with 56, 112, or 

168 mg∙L-1 N.  Nitrogen rates of 168 mg∙L-1 reduced root initiation and development in 

cuttings.  However, chrysanthemum stock plants fertilized with 60, 150, or 400 mg∙L-1 

nitrogen (N) showed a positive correlation between higher N tissue concentrations and the 

number and length of roots in later studies by Druege et al. (2000).  Fertilization of New 

Guinea impatiens stock plants with 300 mg∙L-1 N resulted in 17% more cuttings and 19% 

more roots than fertilization with 100 or 200 mg∙L-1 N (Gibson, 2003).  Cutting length and 

leaf area increased 7 and 15%, respectively, when fertilized with 200 to 300 mg∙L-1 N versus 

those fertilized with 100 mg∙L-1 N.   

 In addition to studies on N levels in stock plants, the effect of N form as nitrate-

nitrogen (NO3-N) or ammoniacal-nitrogen (NH4-N) has been investigated and found to be 

important (Gibson, 2003).  Too much ammoniacal nitrogen has the potential to produce 

cutting which are soft and do not ship well (Gibson, 2006).  Ganmore-Neuman and Hagiladi 

(1990 and 1992) investigated the effects of NH4-N:NO3-N ratio, N rates, and natural sunlight 

versus shade on stock plant production and subsequent rooting of excised cuttings of zonal 

geranium.  Fertilizing stock plants with a 70:30 NH4-N:NO3-N ratio had a negative effect on 

yield; however, fertilizing stock plants with 60:40 and 70:30 NH4-N:NO3-N ratios positively 
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affected rooting percentage and quality.  Stock plants fertilized with 50 mg∙L-1 produced 

fewer cuttings.  Increasing N concentration and NO3-N percentage reduced root fresh weight 

and the stock plant root:shoot ratio.  These results suggest that zonal geranium stock plants 

should be fertilized with 100 to 200 mg∙L-1 N at a ratio of 60:40 NH4-N:NO3-N.    

 Bierman et al. (1989) came to similar conclusions while investigating the role of 

NH4-N:NO3-N ratios in leaf edge burn of poinsettia. Cutting production in plants provided 

ratios of 1:2 or 2:1 was almost 40% greater than production in plants provided with a ratio of 

0:1.  Similar outcomes were reported in a study by Rose (1992).  Stock plants fertilized with 

NH4-N:NO3-N ratios of 1:2 and 2:1 at 200 mg∙L-1 produced more cuttings with greater shoot 

and root dry weights and increased shoot length than stock plants fertilized with NH4-N:NO3-

N ratio of 0:1.  This indicates both nitrogen forms are required for maximum cutting 

production in poinsettias. 

 Nutrient requirements during rooting.  Nutrient requirements vary during the 

different rooting stages thus the role of nutrients must be considered for each stage in the 

rooting process (Bellamine et al., 1998; Blazich, 1988).  While few studies have ventured to 

elucidate the effects of specific nutrients on each of the three stages (Blazich, 1988; 

Schwambach et al., 2005), better coordination of fertilization to developmental stage 

requirements has the potential to increase uptake efficiency and reduce waste (Santos, 2009). 

 The effects of nutrients during the early stages of adventitious root formation are 

poorly understood (Svenson and Davies, 1995).  Haissig (1986) suggests root primordia 

initiation and development is influenced by applying specific nutrients during rooting.  

Nitrogen, potassium (K), calcium (Ca), magnesium (Mg), manganese (Mn), boron (B), and 
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zinc (Zn) are thought to be involved in root induction and may individually or interactively 

influence root development (Alam and Chong, 2006; Blazich, 1988; Santos, 2009; Svenson 

and Davies, 1995).  Svenson and Davies (1995) found both macronutrient and micronutrient 

tissue concentrations changed in cuttings of poinsettia during adventitious root formation.  

Tissue concentrations of iron (Fe), copper (Cu), and molybdenum (Mo) increased in the basal 

region of poinsettia cuttings at the time of primordia emergence, suggesting these nutrients 

are important to root initiation.  Fe, Cu, Mo, Mg, Mn, B, and Zn increased in cutting bases 

during root primordial elongation and root emergence, indicating their importance to root 

expression.  

 According to Hartmann et al. (2002), nutrients applied to cuttings during propagation 

do not affect initiation and only encourage root development after initiation.  Good and 

Tukey (1967) reported N was required for root elongation in chrysanthemum cuttings, but 

not required for root initiation.  Although opinions vary as to the improvement of rooting 

with fertilizer applications during root initiation, fertilization during root growth and 

development is an accepted practice (Blazich, 1988; Rowe and Cregg, 2002).  

 Santos (2009) demonstrated macronutrient fertilizer utilization in petunia during 

adventitious root formation.  Fertilizer requirements of petunia vary with the developmental 

stage.  Fertilization of cuttings with a complete fertilizer (macronutrients and micronutrients) 

during the first week of propagation (initiation and root emergence) significantly increased 

total dry weight of finished cuttings, versus micronutrient only fertilization.  Continued use 

of a complete fertilizer after week 1 increased the shoot: root ratio compared to interrupted 

macronutrient fertilization.  Shoot dry weights of finished cuttings were lowest in cuttings 



 

22 

that received only micronutrients during the first two weeks, followed by either complete 

fertilizer or micronutrients only during week 3.  Rooting stage and root length were 

unaffected by fertilization.  Root dry weight of finished cuttings was greatest for cuttings that 

received complete fertilizer during the first week, followed by interrupted supply as 

compared to cuttings that received only micronutrient fertilizer during the first week or 

complete fertilizer for the entire 3 week period.   

 Nutrient loss during propagation.  Nutrient deficiencies during adventitious rooting 

may be caused by foliar leaching, dilution, or low initial tissue nutrient content (Good and 

Tukey, 1966; Good and Tukey, 1967; Svenson and Davies, 1995).  The frequent application 

of water to leaves by mist often results in the foliar leaching of nutrients and may influence 

later growth (Carney and Whitcomb, 1983; Good and Tukey, 1966; Hartmann et al., 2002; 

Morton and Boodley, 1969).  Research by Baggott and Joiner (1974) determined that 

Japanese privet (Ligustrum japonicum Thunb.) and chrysanthemum cuttings under mist had 

lower concentrations of nutrients than non-misted cuttings.   

 Soilless substrates have a limited capacity to retain nutrients.  Water application 

greater than one container capacity, as is common mist irrigation during the first week of 

propagation, leached the substrate pre-plant nutrient charge.  Therefore, fertilizer applications 

during root formation and at root emergence may be required to recharge leached nutrients in 

the substrate (Santos, 2009; Tukey et al., 1958).  However, petunia tissue concentrations of 

N, P, and K during propagation declined even under constant fertigation (Santos, 2009). 

 In addition to leaching, nutrients may be diluted by redistribution for new growth or 

by increases in dry weight (Good and Tukey, 1966; Haissig, 1986; Morton and Boodley, 



 

23 

1969).  Remobilization of phloem-mobile nutrients from mature leaves to areas of new 

growth is necessary during propagation when a sufficient supply is not available through the 

roots (Marschner, 1995).  Good and Tukey (1966) attributed nutrient deficiency symptoms 

and decreased nutrient content in carnation and chrysanthemum cuttings under mist to 

nutrient leaching and a dilution caused by gains in dry weight. 

 Nutrient delivery during propagation.  Nutrients are applied during propagation to 

replenish leached nutrients, provide nutrition for new growth, and maintain nutrient levels 

within recommended ranges (Santos and Fisher, 2009; Wott and Tukey, 1969).  Nutrients are 

supplied in propagation by a combination of substrate pre-plant nutrient charge incorporated 

in the root substrate, controlled-release fertilizers, fertilizer applications after roots have 

emerged, subirrigation, and/ or foliar application (Hartmann et al., 2002; Rowe and Cregg, 

2002; Santos, 2009).  Incorporating controlled-release fertilizer into the rooting substrate did 

not affect adventitious rooting percentage and had a minor effect on root number and dry 

weight in three herbaceous perennials (Rowe and Cregg, 2002). 

 Foliar fertilization with water-soluble fertilizers through the mist system may aid in 

the uptake of nutrients prior to root emergence and replace nutrients lost due to leaching by 

supplying nutrients for direct foliar uptake (Good and Tukey, 1966; Morton and Boodley, 

1969; Santos and Fisher, 2009; Tukey et al., 1958; Wott and Tukey, 1967).  Good and Tukey 

(1967) recommended nutrient mist to support new leaf and root growth.  In studies by Wott 

and Tukey (1965 and 1967), cuttings of many species propagated under nutrient mist 

developed root systems with more and longer roots and grew at a faster rate after propagation 

than cuttings propagated under mist without nutrients.  Additional studies by Wott and Tukey 
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(1969) on chrysanthemum cuttings confirm that nutrient mist was the most effective method 

of P application until a well-developed root system existed.  Cuttings of chrysanthemum and 

poinsettia propagated under nutrient mist had greater terminal growth, fresh weight, dry 

weight, and rooting and flowered earlier than cuttings propagated under mist without 

nutrients (Morton and Boodley, 1969). 

 Nutrients can be taken up by both the stem and foliage of cuttings, but nutrient 

applications to the foliage produced more consistent results than applications to the stem 

(Wott and Tukey, 1969).  Foliar nutrient applications in petunia cuttings increased total 

growth, but only root growth was increased by stem applications (Santos and Fisher, 2009).  

Foliar nutrient applications supplied nutrients faster and with greater consistency than root 

applications; however, the supply of foliar applied nutrients was more temporary than the 

supply of root applied nutrients (Marschner, 1995).  

 Nutrient application by overhead mist emitters is not common in floriculture and not 

suggested for short-term crops, due to possible algae growth and clogging of emitters by 

precipitated salts (Gibson, 2006; Hartmann et al., 2002).  Santos (2009) concluded that while 

early nutrition supply by mist positively affected petunia growth, nutrient concentrations 

increased nutrient runoff and algae growth, requiring an irrigation system that captures and 

reuses leachate and sanitizes water for algae control. 

 Unrooted cutting with lower than typical tissue nutrient cuttings, due to stock plant 

nutrition or assimilation during shipping or storage, may fall below sufficiency ranges during 

propagation.  Tissue concentrations of N, P, and K in petunia declined even with constant 

fertigation from 4.78-6.6% N (Santos and Fisher, 2009). 
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Nutrients Known to Affect Adventitious Rooting  

 Nitrogen.  Nitrogen has a strong effect on adventitious root formation and subsequent 

transplant growth (Blazich, 1988; Druege et al., 2004; Zandstra and Liptay, 1999).  Nitrogen 

is required by plants for nucleic acid, protein, and enzyme synthesis; carbohydrate 

availability; osmoregulation; and hormonal interactions (Hartmann et al., 2002; Marschner, 

1995).  In addition, nitrogenous compounds may act as potent signals affecting the root: 

shoot allocation of carbohydrates and nutrients (Scheible et al., 1997; Druege et al., 2000).  

The influence of N nutrition in adventitious root formation is likely related to carbohydrate 

content and metabolism (Blazich, 1988; Druege et al., 2000).   

 Adventitious root formation relies on a sufficient supply of carbohydrates to the area 

of root formation (Ahkami et al., 2009).  N nutrition has long been linked to carbohydrate 

distribution in crops (Krause and Kraybill, 1918).  Previous studies have shown that high 

total nonstructural carbohydrate (TNC) concentration prior to and during rooting increases 

rooting (Rowe, 1996).  A high carbon to N ratio was shown to increase rooting of stem 

cuttings of tomato by Krause and Kraybill (1918).  However, higher N levels increased 

number of roots and root length, but reduced carbohydrates, in poinsettia cuttings (Zerche 

and Druege, 2009).  Research in chrysanthemum (Druege et al., 2000) suggests that the roles 

of carbohydrates in adventitious rooting should be examined in individual tissues (Haissig, 

1986).  Increased N levels prior to harvest resulted in lower starch and fructan concentrations 

and higher sucrose concentrations in leaf tissue of excised chrysanthemum cuttings (Druege 
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et al., 2000).  Nitrogen deficiency in zonal geranium cuttings is associated with high starch 

concentrations in the leaf lamina and basal stems (Druege et al., 2004). 

 Nitrogen is typically supplied in fertilizers as nitrate N (NO3
-), ammoniacal nitrogen 

(NH4
+), and/or urea, which must be converted into NH4 to be assimilated by plants.  Nitrate 

has to be reduced to ammonia (NH3) to be incorporated into organic structures.  The 

proportion of nitrate reduced in the root is affected by temperature, plant age, and the uptake 

rate of the accompanying cation.  Nitrate reduction in the roots is high when Ca is the 

accompanying cation, but low when K is the accompanying cation (Marschner, 1995).  Ca as 

the accompanying cation to nitrate results in greater root dry weight compared to K as the 

accompanying cation to nitrate, which results in greater shoot dry weight (Styer and 

Koranski, 1997). 

 Nitrogen form preference may vary by developmental stage in some species 

(McElhannon and Mills, 1978).  Vegetative growth is promoted when more than 25% of N is 

supplied as NH4.  Root growth is promoted over shoot growth when more than 75% of N is 

supplied as NO3, resulting in compact plants with shorter internodes, smaller but thicker 

leaves, and thicker stems (Styer and Koranski, 1997).  However, Nelson et al. (2002) argues 

that nitrogen form does not dictate plant size.  According to Nelson, differences in growth 

between transplants produced with high NO3 or high NH4 fertilizers should be attributed to 

the phosphorous supply, not the nitrogen form.  Fertilizers high in NO3 contain low levels of 

P, resulting in reduced plant height. 

 Adventitious root formation in chrysanthemum, zonal geranium, and poinsettia 

responds favorably to increased N concentration (Druege et al., 2000; Druege et al., 2004; 
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Zerche et al., 2008).  Research by Zerche and Druege (2009) indicates that increasing N 

concentration in cuttings enhanced adventitious rooting in ‘Cortez Red’ poinsettia.  Root 

number, individual root length, and total root length correlated positively with increasing 

tissue N concentration in both stored and unstored cuttings.  The number of roots was 

reduced when tissue N concentration were below 30 mg∙g-1 dry mass.  Nitrogen deficient 

zonal geranium cuttings had lower root number and fresh mass than non-deficient cuttings 

(Druege et al., 2004) and in vitro root formation increased in explants with increasing N 

concentrations in the substrate (Welander, 1978).  Pre-rooting N concentrations in 

chrysanthemum cuttings increased internal N concentration and were positively correlated 

with adventitious root number and length, independently of carbohydrate levels (Druege et 

al., 2000).  However, increasing internal N concentration during propagation also has 

potential to decrease root: shoot dry weight ratio, which is undesirable in rooted cuttings 

(Levin et al., 1989). 

 Phosphorus.  Phosphorus (P) is required by plants for nucleic acid and protein 

synthesis, respiration, photosynthesis, phospholipid synthesis, enzyme reactions, 

carbohydrate metabolism, and cell division and expansion (Marschner, 1995).  Sufficient P 

nutrition is critical for root development, rapid shoot growth, and flower quality; however, 

high levels may increase stem elongation and inhibit the uptake of Cu, Fe, Zn, and B 

(Gibson, 2006; Styer and Koranski, 1997).  

 Low phosphorous (15 to 20% of N level) reduced plant height, improved tone, and 

increased rooting in a study of bedding plant plugs at North Carolina State University 

(Gibson, 2006).  While a slight P deficiency controls plant height and makes transplants 
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easier to manage, increasing P deficiency may cause stunted plants or the development of 

undesirable purple pigmentation and necrosis (Gibson, 2006; Styer and Koranski, 1997).  It is 

recommended to include P in propagation media at low rates (Styer and Koranski, 1997).  

Nelson et al. (1997) suggested using no pre-plant P and restricting post-plant P to 15-20% of 

the N level during plug production.  

 Potassium.  Potassium is important in cell elongation, protein synthesis, enzyme 

activation, photosynthesis, and contributes to the osmotic potential within cells and tissues 

(Marschner, 1995).  Potassium is easily leached and should be replaced continuously by a 

fertilizer regime.  However, excessive K may inhibit the uptake of N, Ca, and Mg (Styer and 

Koranski, 1997).  Liptay et al. (1992) found a reduction in root growth of tomato transplants 

as K levels were increased from 50 to 250 mg/L K; however, yield and transplant survival 

were unaffected. 

 Calcium and boron.  Calcium is required for the development of new cell walls, 

regulation of cell division, cell elongation, cell wall strength and stabilization, plasma 

membrane stability, and as a secondary messenger in signaling pathways (Clarkson, 1984; Li 

et al., 2009; Marschner, 1995; Barker and Pilbeam, 2007).  Sorokin and Sommer (1940) 

reported abnormal growth of pea (Pisum sativum L.) roots in Ca deficient solutions.  Open 

translucent extensions developed at the root apex, with atypical differentiation and cellular 

tissue.  Ivy geraniums [Pelargonium peltatum (L.) L’Her] grown in Ca deficient solutions 

failed to initiate root primordia (Mikesell, 1992).  Rooting percentage in in vitro poplar 

(Populus tremula L. × P. tremuloides Michx.) shoots was reduced from 97% to 42% when 
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media Ca was excluded during the late stage of root formation and when Ca chelators and Ca 

channel blockers were applied (Bellamine et al., 1998). 

 Calcium-dependent protein kinases are involved in plant responses to endogenous and 

environmental signals such as drought, hormones, salinity, temperature, mechanical stress, 

microbial elicitors, and light, but few studies have reported on Ca signaling in adventitious 

root formation (Li et al., 2009; Barker and Pilbeam, 2007).  Auxin is involved in Ca transport 

within plant tissue and in the Ca-mediated loosening of cell wall microfibrils leading to cell 

elongation (Marschner, 1995).  Root extension in kidney bean (Phaseolus vulgaris L.) 

terminated due to repressed cell elongation within a few hours without exogenous Ca supply 

(Marschner and Richter, 1974).  Both inhibition of Ca transport and a reduction in auxin 

levels induce Ca deficiency symptoms (Marschner, 1995).  Exogenous Ca enhances the 

formation of root meristemoids and their development into normal root primordia.  Falasca et 

al. (2004) reported a positive interaction between specific concentrations of CaCl2, auxin, 

and cytokinin and in vitro adventitious rooting responses in Arabidopsis [Arabidopsis 

thaliana (L.) Heynh.] thin cell layers, including xylem overproduction in the primordia and 

expansion of the root hairs and cortical cells. Experiments on marigold hypocotyls by Lioa et 

al. (2012) demonstrated a dose-dependent response of exogenous Ca2+ on adventitious 

rooting. The maximum biological response at 50 µM CaCl2 increased root number by 2.4-

fold of the control. 

 Boron is necessary for cell wall formation and stabilization, sugar transport, 

carbohydrate synthesis, membrane structure, auxin activity, lignification, xylem 

differentiation (Gibson, 2006; Gupta, 1993; Marschner, 1995; Styer and Koranski, 1997).  



 

30 

Adventitious roots in sunflower (Helianthus annuus L.) hypocotyl cuttings were not formed 

and intact plant growth was rapidly inhibited in the absence of B (Josten and Kutschera, 

1999), suggesting the requirement of B for the maintenance of cell division and/or cell 

elongation (Li et al., 2009).  Studies on the early rotting of zonal geranium cuttings by 

Murray et al. (1957) determined that B produced optimal rooting results at concentrations of 

0.01 and 0.50 ppm.  The presence of B was not needed for the initiation of rooting of 

cuttings, but was essential for continued root growth after initiation. 

 Boron may be involved in the regulation of auxin levels at the site of root initiation 

through an indirect effect on indole-3-acetic acid (IAA) oxidase activity (Hartmann et al., 

2002; Jarvis et al., 1984; Svenson and Davies, 1995).  An optimal supply of B was necessary 

for adequate development of root primordia and appropriate root length in stem cuttings of 

mung bean (Phaseolus aureus Roxb.).  Treatment with IBA followed by B led to greater root 

formation than B alone (Middleton et al., 1978).  Further studies by Jarvis and Booth (1981) 

determined that B is required for the initiation and maintenance of carbohydrate transport 

from leaves to the root zone.  Jarvis et al. (1984) reported that the optimum concentrations of 

IAA and B are dependent on the value of each other.  The supply of high concentrations of B 

immediately after auxin treatment reduced the number of roots per mung bean cutting, but 

increased subsequent root growth.  Rooting was only enhanced in cuttings with high IAA 

levels when B concentration was also high.  When B was limiting, the greatest rooting 

response was at low IAA concentrations.  Regardless of auxin levels, an excessive B supply 

may reduce rooting at any auxin level. 

 Ca and B interact synergistically to trigger root primordia development by affecting 
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auxins influence on mitotic activity (Alam and Chong, 2006).  Plants deficient in B and/or Ca 

develop short, thick roots (Ericsson, 1995; Marschner, 1995; Pitchay, 2002; Styer and 

Koranski, 1997).  Pitchay (2002) studied the effects of Ca and B deficiency, individually and 

in combination, on the root cell cycle of transplanted ‘Better Boy’ tomato seedlings.  Primary 

root growth was dramatically reduced after only 12 hours in Ca, B, or both Ca and B 

deficient solutions.  The deficiency effects on plants grown in -Ca/-B were intermediate 

between plants grown in -Ca and -B alone.  Pitchay (2002) suggests the development and 

cellular pathways that require Ca and B may overlap. 

 Boron moves passively by diffusion from the roots to the shoots through the xylem.  

Ca is taken up passively by plant roots and translocated in the xylem by using specific 

transporters to bind to sequential exchange sites.  Low transpiration rates may limit the 

movement of Ca and B through the xylem, resulting in nutrient deficiencies (Jones et al., 

1991; Marschner, 1995; Barker and Pilbeam, 2007).  In addition, B may be rapidly leached at 

high temperatures and is unavailable at high pH levels (Marschner, 1995; Styer and 

Koranski, 1997).  Due to the immobility of Ca and B in the phloem, deficiencies first appear 

in young, growing tissues, such as the root apical meristem (Clarkson, 1984; Marschner, 

1995; Barker and Pilbeam, 2007).    

 Studies on multiple nutrients.  In work with birch (Betula pendula Roth) seedlings, 

Ericsson (1995) found that limiting N, P, or S favored root growth over shoot growth.  

Deficiencies in N, P, or S all resulted in a shift in dry matter allocation in favor of root 

growth (Ericsson, 1995).  Root number in microcuttings of bluegum eucalyptus (Eucalyptus 

globulus Labill.) were affected by Ca and Zn concentrations and N source, while root length 
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was affected by P, Fe, and Mn concentrations and N source (Schwambach et al., 2005).  

However, P and K concentrations within a range typical for plug production, did not affect 

the growth of impatiens, petunia, and salvia (Salvia splendens Ker Gawl.) seedling plugs 

(van Iersel et al., 1998). 

Nutrient Ranges 

 Finished plant production nutrient ranges may underestimate the nutrient 

requirements of unrooted cuttings.  Neither survey nor recommended ranges exist for most 

species of unrooted cuttings (Santos, 2009).  It is important to keep in mind that no single 

propagation fertilizer regime covers all species of vegetative floricultural crops.  Even within 

a single species, fertilizer rates and composition should be adjusted according to the rooting 

or growth stage, desired growth rate, water and media quality, and changes in the substrate 

pH (Styer and Koranski, 1997). 

 Surveyed ranges.  Santos et al. (2008) surveyed water and fertilizer management 

during cutting propagation of vegetatively grown calibrachoa (Calibrachoa × hybrida Cerv.) 

and petunia rooted cuttings at eight greenhouse facilities residing in Colorado, Michigan, 

New Hampshire, and New Jersey.  Tissue uptake varied by a factor of 3-4 between location 

and ranged from 0.9 to 4.5 g·m-2 N, 0.2 to 0.6 g·m-2 P, and 1.5 to 4.6 g·m-2 K and averaged 

4.9 g·m-2 N, 0.8 g·m-2 P, and 5.8 g·m-2 K over the 4 week crop period.  Differences in tissue 

uptake were attributed to differences in tissue concentration and dry weight between 

locations.  Applied N concentration and EC levels increased with crop age at all locations 

and ranged from 0.4 to 80.2, 0 to 194.8, 19.2 to 148.0, and 64.0 to 157.6 mg·L-1 N during 
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weeks 1, 2, 3, and 4, respectively (Santos, 2009).  Despite average applications of 24, 85, 93, 

and 101 mg·L-1 N during weeks 1 to 4, respectively, the percent tissue N decreased from over 

the 4 week crop period.  There was no significant change in P or K level.  Average substrate 

EC declined significantly in weeks 1, 2, and 3 (2.0, 1.32, and 0.80 dS·m-1, respectively) and 

increased in week 4 (Santos et al., 2008).   

 Critical concentrations.  General guidelines exist for many for many floricultural 

crops, but few guidelines have been established for critical concentrations, particularly in 

propagation (Mills and Jones, 1996; Pitchay, 2002; Santos, 2009).  Critical concentrations are 

rarely determined due to the amount of work required for determination (Barker and Pilbeam, 

2007).  More commonly, ranges of sufficiency are used to assess plant nutrition (Mills and 

Jones, 1996). 

 Critical concentrations are often not adjusted to account for differences in 

physiological age (Krug et al., 2010).  The physiological age of the plant and plant tissue 

affects the nutrition content of the plant.  Most nutrient levels, except Ca, decline with plant 

age due to dilution.  Therefore, the critical deficiency ranges are lower in older than in 

younger plants.  Tissues should be sampled at specific physiological stages to avoid a 

decrease in tissue content with age (Marschner, 1995). 

 Current recommendations.  An application of 50-75 mg·L-1 N is recommended at 

callus development followed by applications of 100 mg·L-1 N at root emergence (Gibson, 

2006).  Gibson recommends supplying a low-concentration fertilizer solution with low 

ammoniacal-N and P after roots have formed in floral crops.  13-2-13 and 15-5-15 are 

commonly used weekly at 50 to 100 ppm N by propagators.  



 

34 

 Santos (2009) found that cutting propagators of petunia and calibrachoa began 

fertilization anywhere from sticking to root emergence and growth, despite recommendations 

by Gibson (2006) to start fertilization at visible callus.  Although current fertilization 

recommendations for vegetative cuttings are correlated with developmental stage, Santos 

(2009) suggests that fertilizer applications start as soon as possible in cuttings low in initial 

tissue nutrient concentrations to avoid deficiency induced growth limitations.  Nutrient 

uptake in petunia increased from 20% in week 1 to 70 and 80% in weeks 2 and 3.  According 

to Santos, “the observed practices at these operations suggest that the current recommended 

fertilization strategies may need to be refined with further consideration of fertilizer timing 

and N concentration.”   
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Objectives 

A. Shipping of cuttings is known to have a deleterious effect on adventitious rooting and the 

interaction between shipping and the success of the propagation environment is poorly 

understood.  Given this our objective was to determine if there is an interaction between 

storage length and propagation environment and the effects storage length and propagation 

environment on quality, chlorophyll fluorescence, rooting, fresh and dry weights, and 

survival of vegetative cuttings. 

B.  Optimal nutrition is necessary for successful adventitious root formation and influences 

quality and production time.  However, the effects of mineral nutrition on the stages of 

adventitious root formation are poorly understood.  Nutrient requirements vary during the 

different rooting stages thus the role of nutrients must be considered for each stage in the 

rooting process.  While few studies have ventured to elucidate the effects of specific nutrients 

on each of the three stages, better coordination of fertilization to developmental stage 

requirements has the potential to increase nutrient uptake efficiency and reduce waste; 

therefore, our objective was to determine the importance of macronutrients to adventitious 

rooting at well-established rooting stages in shipped cuttings.   

C. We are not aware of any reports on the effects of tissue elemental concentration on the 

distinct stages of adventitious root formation in zonal geranium.  We choose to study three 

commonly deficient nutrients to determine the impact of B, Ca, and Fe deficiency and the 

interaction of B and Ca deficiencies on adventitious rooting at well-established rooting 

stages. 
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success of vegetative annuals 
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Abstract.  We investigated the interaction between storage duration (simulated shipping) and 

propagation environment on the rooting response of zonal geranium (Pelargonium x 

hortorum L.H. Bailey), New Guinea impatiens (Impatiens hawkeri W. Bull), and poinsettia 

(Euphorbia pulcherrima Willd. ex Klotzsch).  In addition, we investigated whether low cost 

tent or reemay propagation environments could replace the commonly used mist and fog 

systems for these three major floriculture species. Of the species tested, zonal geranium 

cuttings are the most sensitive to storage (simulated shipping) and should be propagated first 

upon receipt of cuttings.  Zonal geranium cuttings stored for 0 d or propagated under mist 

had the most roots and the highest shoot and root dry weights.  New Guinea impatiens may 

be safely stored in their shipping container overnight if they cannot be propagated on the day 

of arrival.  All tested propagation environments produced similar root counts and chlorophyll 

fluorescence measurements in New Guinea impatiens cuttings, indicating they can be 

propagated in any environment.  Poinsettia cuttings can be propagated under mist, fog, or 
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tent environments, but should not be propagated under reemay due to reduced survival, root 

counts, fresh weight, shoot dry weight, and quality. 

 

Introduction 

 Greenhouse growers in the United States use vegetative cuttings from around the 

world for production of finished plants.  Purchasing cuttings from offshore production 

facilities has the advantage of requiring less greenhouse space and eliminating the need to 

maintain stock plants.  Also, unrooted cuttings for North America are imported primarily 

from Central America and Mexico, where favorable climates, high irradiance, low land costs, 

and inexpensive hand labor are plentiful (Dole and Hamrick, 2006; Druege, 2009; Faust and 

Enfield, 2010; Rudnicki et al., 1991).  Imports of unrooted cuttings to the United States 

doubled from 498 million in 2000 to nearly 1 billion cuttings in 2010.  The United States 

imported $80.8 million in unrooted cuttings in 2013 (Foreign Agricultural Service, 2014).  In 

the same year hanging baskets, finished flats, and pots of three cutting propagated species, 

zonal geraniums (Pelargonium x hortorum L.H. Bailey), poinsettias (Euphorbia pulcherrima 

Willd. ex Klotzsch), and New Guinea impatiens (Impatiens hawkeri W. Bull), had a 15-state 

wholesale value of $307 million (United States Department of Agriculture National 

Agriculture Statistics Service, 2013). 

 The success of rooting stations and finished plant producers is highly dependent on 

the importation of high-quality cuttings (Purer and Mayak, 1988).  However, cutting quality 

may be diminished by stress exposure during storage, shipping, or propagation resulting in 

monetary losses to growers (Doyle et al., 2003).  Air and ground transportation to rooting 
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stations may take up to 3 days (Faust and Enfield, 2010), exposing cuttings to darkness, 

transit vibration/damage, water stress, and temperature extremes (Arteca et al., 1996).  

Prolonged storage or shipping may reduce cutting survival and adventitious rooting due to 

increased respiration, moisture loss, light exclusion, pathogens, and/or ethylene accumulation 

(Druege, 2009; Hamilton et al., 2002; Hartmann et al., 2002).   

 A properly managed rooting environment minimizes the physiological shock caused 

by excision and storage/shipping, maximizes the number of rooted cuttings, and reduces 

rooting variability (Jinks, 1995; Leakey, 2004; Loach, 1988a).  Commercial growers alter the 

rooting environment to best suit the needs of the unrooted cutting (Hartmann et al., 2002).  

Several propagation systems are used to manipulate the rooting environment including 

intermittent mist, fog, and high-humidity enclosures such as raised tent enclosures and direct 

contact enclosures (Dole and Bilderback, 2006; Loach, 1988a).   These systems vary in their 

ease of use and ability to accurately control the propagation environment (Loach, 1988a).    

 All propagation systems have the potential to be effective, but vary in their cost, ease 

of use, and sophistication (Leakey, 2004).  While mist and fog systems are the most common 

rooting environments and can lower temperatures during periods of high heat, they require 

more materials, installation labor and initial expense than constructing simple high humidity 

environments (Hartmann et al., 2002; Leatherwood et al., 2006).  Fog nozzles use 

significantly less water than mist nozzles, causing less media saturation, foliar nutrient 

leaching, and reduction in media temperatures than mist.  Compared to mist, fog systems 

have fewer disease problems, cause less stress to cuttings, and allow for closer spacing, but 

have higher initial and ongoing maintenance costs (Hartmann et al., 2002; Leatherwood et 
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al., 2006; Press, 1983).  Mist and fog propagation systems may be an inefficient use of water 

and electricity (Geneve et al., 1999) and inappropriate for smaller facilities (Newton and 

Jones, 1993).   

 Though it is known that shipping cuttings can have a deleterious effect on 

adventitious rooting, what is poorly understood is the interaction between shipping and the 

success of the propagation environment.  Our goal was to investigate the potential interaction 

between storage duration (simulated shipping) and propagation environment on the rooting 

response of vegetative cuttings.  In addition, we investigated whether low cost propagation 

environments could replace the commonly used mist and fog systems for three major 

floriculture species.  Four zonal geranium and New Guinea impatiens cultivars and two 

poinsettia cultivars were used to investigate whether their rooting responses differed with 

particular storage duration or propagation environments.   

 

Materials and Methods 

 Unrooted cuttings of ‘Charleston’, ‘Designer Dark Red’, ‘Rocky Mountain Violet’, 

and ‘Tango Dark Red’ zonal geraniums; ‘Fanfare Orchid’, ‘Sonic Hot Rose on Gold’, ‘Super 

Sonic Red’, and ‘Super Sonic White’ New Guinea impatiens; and ‘Prestige Red’ and ‘White 

Star’ poinsettias were received from offshore vegetative cutting suppliers.  Geranium and 

poinsettia cuttings were immediately inserted into 53.3 x 26.7 cm, 72-count (55.2 mL/cell) 

trays and New Guinea impatiens inserted into 50.8 x 25.4 cm, 105-count (17.9 mL/cell) plug 

trays containing a soilless growing media (Fafard 3P, Conrad Fafard, Inc., Agawam, MA).  

Once rooted, geranium and New Guinea impatiens cuttings were transplanted to 15.2 cm (6 
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in) diameter pots and poinsettia cuttings were transplanted to 20.3 cm (8 in) diameter pots 

containing Fafard 3P and maintained as stock plants.  These stock plants were grown in a 

greenhouse under natural photoperiod and irradiance with temperature set points of 

22.8/20°C day/night.  The photoperiod for poinsettia stock plants was extended using 4 h 

night break lighting from October through April.  

 Treatments.  Two node geranium cuttings with one or two fully expanded leaves, two 

node New Guinea impatiens cuttings with at least one pair fully expanded leaves, and three 

node poinsettia cuttings with one or two fully expanded leaves, of similar size and age were 

harvested from all parts of the stock plants.  Cuttings were immediately transferred to sealed, 

perforated polyethylene bags and placed in cardboard boxes at 20°C.  Cuttings were stored 

for 0, 2, or 4 days to simulate commercial shipping.  Harvesting took place on separate days 

so that all treatments were inserted into propagation trays on the same day.  After storage, 

geranium and poinsettia cuttings were inserted into 53.3 x 26.7 cm, 72-count (55.2 mL/cell) 

trays and New Guinea impatiens inserted into 50.8 x 25.4 cm, 105-count (17.9 mL/cell) plug 

trays containing a soilless growing media (Fafard 3P, Conrad Fafard, Inc., Agawam, MA).   

 Cuttings were placed under four propagation environments, fog, mist, clear plastic 

tent, and reemay, where they remained for the duration of the experiment.  Irrigation in the 

fog and mist environments was computer controlled, beginning daily approximately 30 min 

before sunrise, and ending approximately at sunset.  The initial mist and fog cycle durations 

were 3 s repeating every 7 min and 5 s repeating every 2 min, respectively, and adjusted 

daily according to light and temperature levels.  The initial irrigation schedule for reemay 

and plastic tent environments was mist applied by hand four times daily for 2 weeks and 



 

57 

three times daily for the duration of the experiment.  Mist was applied directly on top of the 

reemay fabric and applied under the plastic tent environment directly to the cuttings.  

Geranium and New Guinea impatiens were propagated for 3 weeks and poinsettias 

propagated for 4 weeks prior to termination. 

 Data collection. Cutting quality was recorded prior to and after storage, 1 week after 

insertion, and at experiment termination.  Cutting quality was assessed based on visual 

observation of chlorosis, necrosis, and/or leaf abscission on the following scale: 5 = 0%, 4 = 

1% to 25%, 3 = 26% to 50%, 2 = 51% to 75%, or 1 = 76% to 100% (images Appendix A).  

Shoot (leaves and stem) fresh weight was recorded prior to and after storage and at 

experiment termination.  The number of abscised leaves was recorded throughout the 

experiment.  Root number, cutting survival, and shoot and root dry weights were recorded at 

experiment termination. 

 SPAD chlorophyll index was measured prior to and after storage, 1 week after 

insertion, and at experiment termination as an estimate of leaf greenness using a Minolta 

SPAD-502 meter (Konica Minolta Sensing Americas, Inc. Ramsey, NJ).  The SPAD meter 

provided a non-destructive measurement of relative chlorophyll concentration. SPAD values 

were determined by measuring the ratio of light transmittance through the sample at a red 

wavelength (650 nm), at which chlorophyll absorbs light, and an infrared wavelength (940 

nm), at which light is not absorbed (Marquard and Tipton, 1987; Yadava, 1986).  Three 

measurements were taken per cutting on the upper epidermis of the most fully expanded leaf.  

Measurements were equally spaced across the leaf and the mid-rib was avoided.  Mean 

value/cutting were recorded. 
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 Statistical analysis.  The experiment was designed as a randomized complete block 

with 12 treatments in a complete factorial of three storage durations by four propagation 

environments.  Three harvest dates were conducted over time with five replications at each 

harvest date.  Data were pooled for the three harvest dates for all measured characteristics.  

Statistical analysis was conducted using SAS 9.2 (SAS Institute, Cary, NC) mixed model 

procedure (PROC MIXED) for analysis of variance and Tukey’s honestly significant 

difference test with means separated at P ≤ 0.05.  Letter groupings were generated with use 

of the PDMIX800 macro in SAS (Saxton, 1998).  Poinsettia root counts were log-

transformed prior to analysis to normalize the data.  Reported means are the back-

transformed weighted means derived from the transformed data. 

 

Results 

 Cutting survival and rooting.  Survival of New Guinea impatiens and zonal geranium 

cuttings was not affected by cultivar, storage duration, or propagation environment.  Survival 

of poinsettia cuttings was affected by propagation environment (P = 0.008).  Propagation 

under the reemay environment resulted in 30% to 40% less cutting survival compared to 

propagation under fog or mist environments, respectively (data not presented). 

 There was an interaction of cultivar × propagation environment treatments for root 

counts and root dry weights (P = 0.0204, 0.0003, respectively) in New Guinea impatiens.  

The highest root counts in all environments and greatest root dry weights under fog, mist, 

and tent environments were in ‘Super Sonic White’ (Fig. 1A-B).  Root counts of ‘Super 

Sonic White’ under fog and tent environments were significantly higher than root counts in 
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all other treatment combinations except for ‘Super Sonic White’ under mist or reemay.  Root 

counts did not significantly differ between propagation environments in ‘Fanfare Orchid’, 

‘Sonic Hot Rose on Gold’, or ‘Super Sonic Red’; however, root dry weights were lower in 

cuttings of all cultivars propagated under reemay.  Propagation of ‘Sonic Hot Rose on Gold’ 

under fog, ‘Super Sonic White’ under fog, or ‘Super Sonic White’ under mist significantly 

increased root dry weight by 110%, 73%, or 88%, respectively, compared to propagation 

under reemay. 

 An interaction of cultivar × storage duration (P = 0.0292) also affected root dry 

weights of New Guinea impatiens.  Root dry weights were highest in ‘Super Sonic White’ 

stored for 4 d (Fig. 2).  Increasing ‘Super Sonic White’ storage duration from 0 to 4 d 

significantly increased root dry weight by 29%.  Storage duration did not have a significant 

effect on root dry weight in ‘Fanfare Orchid’, ‘Sonic Hot Rose on Gold’, or ‘Super Sonic 

Red’.   

 Root counts of poinsettia were affected by a cultivar × storage duration × propagation 

environment interaction (P = 0.0235).  No roots were produced under reemay by cuttings of 

‘Prestige Red’ at all storage durations or by ‘White Star’ at 0 and 2 d storage (Table 1).  The 

highest root counts were found in ‘White Star’ cuttings stored for 4 d and propagated under 

fog, although only different from the cuttings that failed to produce roots under the reemay 

environment. 

 Root counts and root dry weights in zonal geranium cuttings were influenced by 

storage duration (P = 0.0023, 0.0191, respectively) and propagation environment (P < 

0.0001, 0.0101, respectively).  Both root counts and root dry weights were less with 
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increasing storage duration (Fig. 3A and 4A).  Root dry weight was reduced by 71% when 

cuttings were stored for 4 d versus 0 d.  Root counts and root dry weights were both highest 

under mist (Fig. 3B and 4B).  Root counts were significantly higher in cuttings propagated 

under mist compared to those propagated under fog and reemay and in cuttings propagated 

under tent compared to those propagated under reemay.  Root dry weight was reduced by 

64% when cuttings were propagated under reemay versus mist.   

 Cutting growth.   Fresh weights of New Guinea impatiens did not significantly 

change during storage, but were affected by a cultivar × storage duration interaction when 

storage and propagation where examined together (P = 0.014).  Fresh weight increase was 

larger in ‘Super Sonic White’ than in ‘Sonic Hot Rose on Gold’ stored for 2 or 4 d. (Fig. 5). 

There was not a significant change in weight between storage durations in any cultivar. 

 Storage significantly (P = 0.0004) decreased fresh weights of poinsettia by 0.14 g and 

0.29 g during 2 and 4 d storage, respectively (Fig. 6A-B).  Fresh weights were affected 

during the experiment by cultivar (P = 0.0177), storage duration (P = 0.0101), and 

propagation environment (P = 0.0254).  Fresh weight increase was larger in ‘White Star’ 

cuttings compared to ‘Prestige Red’ cuttings and cuttings stored for 4 d compared to cuttings 

stored for 0 d.  Cuttings propagated under fog, mist, and tent increased in fresh weight during 

the experiment, but the reemay environment resulted in a drop in fresh weight by the end of 

propagation (Fig. 6C).  Mist resulted in the greatest increase in cutting fresh weight, although 

significant only from reemay.  

 Loss of fresh weight in zonal geraniums during storage was significantly affected by 

storage duration (P = 0.0199).  Geraniums stored for 4 d lost 0.24 g, while those stored for 2 
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d lost 0.13 g (data not presented).  The weight lost during storage did not contribute to 

significant weight loss over the course of the experiment. 

 Shoot dry weights in New Guinea impatiens cuttings were affected by an interaction 

of cultivar × storage duration (P = 0.0493).  The highest shoot dry weights at all storage 

durations were for ‘Super Sonic White’ (Fig. 7), though not significant from ‘Sonic Hot Rose 

on Gold’ or ‘Super Sonic Red’ at 2 or 4 d storage.  Shoot dry weights increased with 

increasing storage duration in ‘Sonic Hot Rose on Gold’ and ‘Super Sonic White’; however, 

the highest shoot dry weights in ‘Fanfare Orchid’ and ‘Super Sonic Red’ were with 2 d 

storage. 

 An interaction of storage duration × propagation environment (P = 0.0237) affected 

shoot dry weight in poinsettia.  The highest shoot dry weights occurred in cuttings stored for 

0 d and propagated under mist (Fig. 8).  Cuttings stored 0 d weighed 136% or 104% more 

when propagated under mist or tent, respectively, than when propagated under reemay.  No 

significant differences in shoot dry weights were found between propagation environments at 

2 or 4 d storage. 

 The main effect of environment (P = 0.0121) and an interaction of cultivar × storage 

duration (P = 0.0079) influenced shoot dry weights in zonal geranium.  Cuttings propagated 

under mist had significantly higher shoot dry weights than those propagated under reemay or 

tent (0.71g compared to 0.59g or 0.62 g).  Cuttings propagated under fog did not significantly 

differ from those propagated under mist, reemay, or tent.  ‘Tango Dark Red’ cuttings stored 

for 2 d had the highest shoot dry weights (Fig. 9), significantly higher by 63% and 120% than 

cuttings of ‘Tango Dark Red’ and ‘Rocky Mountain Violet’, respectively, stored for 4 d.  
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Shoot dry weight was less with increasing storage duration in all cultivars with the exception 

of an increase between 0 and 2 d storage in ‘Tango Dark Red’ cuttings. 

 Cutting visual appearance.  Cultivar affected quality (P < 0.0001) of New Guinea 

impatiens cuttings at termination.  Cuttings of ‘Sonic Hot Rose on Gold’ were rated to have 

the highest quality (4.8), significantly higher than ‘Fanfare Orchid’ (4.4) or ‘Super Sonic 

White’ (4.7). 

 Quality of poinsettia cuttings at termination was influenced by an interaction of 

storage duration × propagation environment (P = 0.0005).  Propagation under reemay 

resulted in cuttings with lower quality versus propagation under other environments (Fig. 

10), regardless of storage duration.  The combination of 0 d storage and reemay significantly 

decreased cutting quality compared to the combinations of 4 d storage and reemay or 0, 2, or 

4 d storage and fog, mist, or tent.   Increasing storage duration did not result in significant 

quality changes to cuttings under fog, mist, or tent; however, quality of cuttings under 

reemay was 52% higher with 4 d storage compared to 0 d storage. 

 An interaction of cultivar × storage duration (P = 0.0334) affected quality of zonal 

geranium cuttings at termination.  Quality was significantly lower in all cultivars stored for 4 

d versus 0 d and in ‘Charleston’, ‘Rocky Mountain Violet’, and ‘Tango Dark Red’ stored for 

4 d versus 2 d (Fig. 11).  Quality was lowest at 2 and 4 d storage in “Rocky Mountain 

Violet’. 

 There were no significant changes in the SPAD chlorophyll index of New Guinea 

impatiens during any segment of the experiment.  Cultivar affected changes in the SPAD 

chlorophyll index of poinsettia cuttings during propagation (P = 0.0185) and over the course 
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of the experiment (P = 0.0258).  The SPAD index of ‘White Star’ cuttings significantly 

increased compared to ‘Prestige Red’ during propagation (2.336 compared to 0.800) and 

during the experiment (2.358 compared to 0.989). 

 An interaction of cultivar × storage duration affected changes in the SPAD 

chlorophyll index of zonal geraniums at all segments of the experiment including: storage (P 

< 0.0001), week one of propagation (P < 0.0001), propagation (P < 0.0001), and the entire 

experiment (P = 0.0013).  In all cultivars, the SPAD index increased with 2 d storage, but 

decreased with 4 d storage (Fig. 12A).  ‘Tango Dark Red’ stored for 4 d decreased the most 

while in storage, but had the greatest increase during week one of propagation (Fig. 12B).  

‘Charleston’ stored for 2 or 4 d decreased more than all other cultivar and storage duration 

combinations during week one of propagation.  The only significant change in the SPAD 

index during propagation occurred between ‘Tango Dark Red’ stored for 0 d compared to 4 d 

(7.963 decrease compared to 6.074 increase) (Fig. 13A).  The greatest increases in the SPAD 

index during the experiment were in ‘Designer Dark Red’ cuttings stored  0 d (Fig. 13B), 

which changed significantly more than ‘Charleston’ stored 0 d, ‘Tango Dark Red’ stored 0 d, 

and ‘Tango Dark Red’ stored 4 d  (3.585 increase compared to 6.173 , 16.060, and 6.484 

decrease, respectively).  The greatest declines in the SPAD index during the experiment were 

in cuttings of ‘Tango Dark Red’ stored 0 d, which changed significantly more than all other 

cultivar and storage durations except for ‘Tango Dark Red’ stored 4 d.  Storage duration only 

had a significant cultivar effect on SPAD index in ‘Tango Dark Red’ at 0 d versus 2 d of 

storage (16.060 decrease compared to 1.113 increase). 
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Discussion 

 New Guinea impatiens.  Rooting following storage of New Guinea impatiens cuttings 

varied by cultivar.  Cuttings of ‘Super Sonic White’ produced more roots and had greater 

shoot dry weights than all other cultivars over all storage durations and propagation 

environments.  Quality of ‘Super Sonic White’ was rated significantly lower than ‘Sonic Hot 

Rose on Gold’; however, this difference in subjective visual quality ratings (4.7 compared to 

4.8) is probably not commercially important. 

 The results indicate that storage (simulated shipping) of New Guinea impatiens for up 

to 4 d at 20°C does not harm and may even improve rooting.  Root dry weights in ‘Super 

Sonic White’ were significantly greater with 4 d storage versus 0 d storage.  This is in 

contrast to cold storage of New Guinea impatiens as reported by Lopez and Runkle (2008) in 

which quality decreased with increasing storage durations from 0 d to 5 d at 0°C.  Mist, fog, 

and tent propagation environments worked equally well for the propagation of New Guinea 

impatiens, with the exception of lower root dry weights under reemay.    

 Poinsettia.  Propagation performance of poinsettia cuttings was affected by cultivar. 

‘White Star’ cuttings demonstrated superior performance compared to ‘Prestige Red’ based 

on root counts, fresh weight increase, and SPAD chlorophyll index during the experiment. 

 The reemay propagation environment negatively affected survival, root counts, fresh 

weight increase, shoot dry weights, and quality in poinsettia.  Based on our visual 

observations, misting the reemay environment four times daily did not maintain adequate 

humidity for poinsettia propagation.  The water condition of cuttings was not specifically 

measured; however, symptoms of wilting in cuttings under reemay were indicated by their 
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lower quality ratings.  Inability to maintain a satisfactory water balance can limit the success 

of propagation (Loach, 1988b).  Reemay only had a deleterious effect with 0 or 2 d storage 

on root counts in ‘White Star’, shoot dry weight, and quality.  The negative effects of the 

reemay environment appeared to be moderated by increasing storage duration, with the 

exception of root counts in ‘Prestige Red’.  We believe the poinsettia cuttings formed callus 

tissue while in storage (simulated shipping), which may have allowed for an adaptation to 

low moisture conditions before being placed in the propagation environment.  Callused 

poinsettia cuttings have a greater ability to respond to water deficit stress by closing their 

stomata to reduce water loss (Peter, 2010). 

 Zonal geranium. Cuttings of zonal geranium rooted best when stored for 0 d and 

propagated under a mist environment.  Cuttings stored for 0 d had more roots and higher root 

dry weights, fresh weight increase, shoot dry weights, quality, and week one of propagation 

SPAD index increase than cuttings stored for 2 d or 4 d, with the exception of ‘Tango Dark 

Red’.  It is possible that carbohydrate depletion in storage caused the reduced propagation 

performance of zonal geraniums stored for 2 or 4 d versus those stored for 0 d (Purer and 

Mayak, 1998).  

 Propagation performance of zonal geranium cuttings was affected by cultivar.  Unlike 

the other cultivars tested, which responded poorly to longer storage durations, ‘Tango Dark 

Red’ quality, shoot dry weights, and the SPAD index were improved with 2 d storage versus 

0 d storage. Cuttings propagated under mist demonstrated superior performance compared to 

cuttings propagated under reemay based on root counts, root dry weights, and shoot dry 

weights. 
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 Conclusions.  Storage is known to have varying effects on different species (Rudnicki 

et al., 1991; Agullo-Anton et al., 2010), as is reported in this study.  Storage of zonal 

geranium cuttings at 20°C may be negatively affected by carbohydrate loss or ethylene 

accumulation.  These were not investigated in this study, but may warrant further research.  

Storage during shipping may allow cuttings of New Guinea impatiens and poinsettia to 

overcome the stress of excision and adapt to low moisture rooting environments.  It may also 

be possible that callus tissue is formed and/or roots are initiated while in storage, therefore 

allowing cuttings of these species to achieve rooting and water uptake before nonstored 

cuttings.  Further research is needed to determine conclusively if the rooting response to 

increased storage in New Guinea impatiens and poinsettia is related to moisture, callus 

development, root initiation, or some other unknown factor.     

 This research can aid growers in making decisions regarding species sticking order 

and selection of propagation environments.  Of the species tested, zonal geranium cuttings 

are the most sensitive to storage during shipping and should be propagated first upon receipt 

of cuttings.  This research shows that New Guinea impatiens cuttings may be safely stored in 

their shipping container overnight at 20°C if they cannot be propagated on the day of arrival.  

Growers should consider their species when selecting a propagation environment.  New 

Guinea impatiens may be propagated under mist, fog, or tent environments and poinsettia 

may be propagated under mist, fog, or tent environments; however, zonal geraniums should 

only be propagated under a mist environment.   
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Table 1. Effect of cultivar × storage duration × propagation environment on root count of 

‘Prestige Red’ (PR) and ‘White Star’ (WS) poinsettias after 28 d in propagation in a range of 

propagation environments preceded by 0, 2, or 4 d storage.  Significance of main effects and 

significant simple effects is presented within propagation environment and overall for the 

propagation cultivar by storage duration by propagation environment factorial. 
 

  Storage 

duration (d) 

                        

Cultivar    Fog   Mist   Reemay   Tent 

PR  0 

 

1.7 aby 

 

14.3 a 

 

0.0 c 

 

0.9 abc 

 

2 

 

12.6 a 

 

10.8 a 

 

0.0 c 

 

0.4 abc 

 

4 

 

1.7 ab 

 

2.7 a 

 

0.0 c 

 

1.9 ab 

WS  0 

 

8.6 a 

 

2.7 a 

 

0.0 c 

 

8.0 a 

 

2 

 

7.4 a 

 

8.7 a 

 

0.0 c 

 

4.5 a 

 

4 

 

18.3 a 

 

16.6 a 

 

1.2 ab 

 

3.9 a 

              Significancez 

            Cultivar (C) 

 

NS 

  

NS 

  

NS 

  

NS 

 Storage duration (S) 

 

NS 

  

NS 

  

* 

  

NS 

 C*S 

  

NS 

  

NS 

  

** 

  

NS 

 

              Overall significancez 

            Environment (E) 

 

*** 

          Cultivar (C) 

 

NS 

          Storage duration (S) 

 

NS 

          E*C*S     *                     
zNS, *, **, or *** Nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001 respectively. 
yMeans followed by the same letter are not significantly different according to Tukey’s  

honestly significant difference test. 
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Fig. 1. Effect of cultivar × propagation environment on root count (A) and root dry weight 

(B) of ‘Fanfare Orchid’ (FFO), ‘Sonic Hot Rose on Gold’ (SHRG), ‘Super Sonic Red’ 

(SSR), and ‘Super Sonic White’ (SSW) New Guinea impatiens after 21 d in propagation in a 

range of propagation environments preceded by 0, 2, or 4 d storage.  Mean values of three 

harvests are presented (n=5 per harvest).  Vertical bars represent ± SE.  Means followed by 

the same letter are not significantly different according to Tukey’s honestly significant 

difference test at (P ≤ 0.05). 
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Fig. 2. Effect of cultivar × storage duration on root dry weight of ‘Fanfare Orchid’ (FFO), 

‘Sonic Hot Rose on Gold’ (SHRG), ‘Super Sonic Red’ (SSR), and ‘Super Sonic White’ 

(SSW) New Guinea impatiens after 21 d in propagation in a range of propagation 

environments preceded by 0, 2, or 4 d storage.  Mean values of three harvests are presented 

(n=5 per harvest).  Vertical bars represent ± SE.  Means followed by the same letter are not 

significantly different according to Tukey’s honestly significant difference test at (P ≤ 0.05). 
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Fig. 3. Effect of storage duration (A) and propagation environment (B) on root count of zonal 

geraniums after 21 d in propagation in a range of propagation environments preceded by 0, 2, 

or 4 d storage.  Mean values of three harvests are presented (n=5 per harvest).  Vertical bars 

represent ± SE.  Means followed by the same letter are not significantly different according 

to Tukey’s honestly significant difference test at (P ≤ 0.05). 
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Fig. 4. Effect of storage duration (A) and propagation environment (B) on root dry weight of 

zonal geraniums after 21 d in propagation in a range of propagation environments preceded 

by 0, 2, or 4 d storage.  Mean values of three harvests are presented (n=5 per harvest).  

Vertical bars represent ± SE.  Means followed by the same letter are not significantly 

different according to Tukey’s honestly significant difference test at (P ≤ 0.05) 
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Fig. 5. Effect of cultivar × storage duration on fresh weight of ‘Fanfare Orchid’ (FFO), 

‘Sonic Hot Rose on Gold’ (SHRG), ‘Super Sonic Red’ (SSR), and ‘Super Sonic White’ 

(SSW) New Guinea impatiens during 0, 2, or 4 d storage followed by 21 d of propagation.  

Mean values of three harvests are presented (n=5 per harvest).  Vertical bars represent ± SE.  

Means followed by the same letter are not significantly different according to Tukey’s 

honestly significant difference test at (P ≤ 0.05). 
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Fig. 6. Effect of cultivar (A), storage duration (B), and propagation environment (C) on fresh 

weight of ‘Prestige Red’ (PR) and ‘White Star’ (WS) poinsettias during 0, 2, or 4 d storage 

followed by 28 d of propagation.  Mean values of three harvests are presented (n=5 per 

harvest).  Vertical bars represent ± SE.  Means followed by the same letter are not 

significantly different according to Tukey’s honestly significant difference test at (P ≤ 0.05). 
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Fig. 7. Effect of cultivar × storage duration on shoot dry weight of ‘Fanfare Orchid’ (FFO), 

‘Sonic Hot Rose on Gold’ (SHRG), ‘Super Sonic Red’ (SSR), and ‘Super Sonic White’ 

(SSW) New Guinea impatiens after 21 d in propagation in a range of propagation 

environments preceded by 0, 2, or 4 d storage.  Mean values of three harvests are presented 

(n=5 per harvest).  Vertical bars represent ± SE.  Means followed by the same letter are not 

significantly different according to Tukey’s honestly significant difference test at (P ≤ 0.05). 
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Fig. 8. Effect of storage duration × propagation environment on shoot dry weight of 

poinsettias after 28 d in propagation in a range of propagation environments preceded by 0, 

2, or 4 d storage.  Mean values of three harvests are presented (n=5 per harvest).  Vertical 

bars represent ± SE.  Means followed by the same letter are not significantly different 

according to Tukey’s honestly significant difference test at (P ≤ 0.05). 
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Fig. 9. Effect of cultivar × storage duration on shoot dry weight of ‘Charleston’ (CHR), 

‘Designer Dark Red’ (DDR), ‘Rocky Mountain Violet’ (RMV), and ‘Tango Dark Red’ 

(TDR) zonal geraniums after 21 d in propagation in a range of propagation environments 

preceded by 0, 2, or 4 d storage.  Mean values of three harvests are presented (n=5 per 

harvest).  Vertical bars represent ± SE.  Means followed by the same letter are not 

significantly different according to Tukey’s honestly significant difference test at (P ≤ 0.05). 
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Fig. 10. Effect of storage duration × propagation environment on quality of poinsettias after 

0, 2, or 4 d storage followed by 28 d of propagation.  Mean values of three harvests are 

presented (n=5 per harvest).  Visual quality where 1 = 76% to 100%, 3 = 26% to 50%, 5 = 

0% combined damage from chlorosis, necrosis, and/or leaf abscission. Vertical bars represent 

± SE.  Means followed by the same letter are not significantly different according to Tukey’s 

honestly significant difference test at (P≤0.05). 
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Fig. 11. Effect of cultivar × storage duration on quality of ‘Charleston’ (CHR), ‘Designer 

Dark Red’ (DDR), ‘Rocky Mountain Violet’ (RMV), and ‘Tango Dark Red’ (TDR) zonal 

geraniums after 0, 2, or 4 d storage followed by 21 d of propagation.  Mean values of three 

harvests are presented (n=5 per harvest).  Visual quality where 1 = 76% to 100%, 3 = 26% to 

50%, 5 = 0% combined damage from chlorosis, necrosis, and/or leaf abscission. Vertical bars 

represent ± SE.  Means followed by the same letter are not significantly different according 

to Tukey’s honestly significant difference test at (P≤0.05).  
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Fig. 12. Effect of cultivar × storage duration on SPAD chlorophyll index in ‘Charleston’ 

(CHR), ‘Designer Dark Red’ (DDR), ‘Rocky Mountain Violet’ (RMV), and ‘Tango Dark 

Red’ (TDR) zonal geraniums during 2 or 4 d of storage (A) and during 7 d of propagation 

(B).  Mean values of three harvests are presented (n=5 per harvest).  Negative values indicate 

a decrease in SPAD index.  Vertical bars represent ± SE.  Means followed by the same letter 

are not significantly different according to Tukey’s honestly significant difference test at (P ≤ 

0.05).  
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Fig. 13. Effect of cultivar × storage duration on SPAD chlorophyll index in ‘Charleston’ 

(CHR), ‘Designer Dark Red’ (DDR), ‘Rocky Mountain Violet’ (RMV), and ‘Tango Dark 

Red’ (TDR) zonal geraniums during 21 d of propagation (A) and during 0, 2, or 4 d storage 

followed by 21 d of propagation (B).  Mean values of three harvests are presented (n=5 per 

harvest).  Negative values indicate a decrease in SPAD index.  Vertical bars represent ± SE.  

Means followed by the same letter are not significantly different according to Tukey’s 

honestly significant difference test at (P ≤ 0.05). 
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Subject Category: Propagation and Tissue Culture 

 

Timing of macronutrient supply during propagation of petunia and zonal geranium 

 

Additional index words. Pelargonium x hortorum, Petunia x hybrida, adventitious root 

formation, macronutrient, mineral nutrition, foliar analysis 

 

Abstract. Our objectives were to quantify the effects of water soluble fertilizer application 

rates and timing on the adventitious rooting response of zonal geranium (Pelargonium x 

hortorum L.H. Bailey) and petunia (Petunia x hybrida Vilm.) cuttings.  Adventitious root 

development in zonal geranium cuttings occurred faster and resulted in more fully developed 

root systems and less chlorosis, necrosis, and/or leaf abscission when provided with 50-100 

mg·L-1 N throughout propagation from root initiation to root expression and finally root 

growth. Petunia cuttings had less chlorosis, necrosis, and/or leaf abscission when provided 

with 50-100 mg·L-1 N during the root growth stage.  Soluble carbohydrate levels in the leaf, 

with the exception of sucrose in petunia, accumulated during rooting, regardless of N rate. 

Nutrient concentrations, with the exception of B and Zn in zonal geranium cuttings, declined 

as rooting stage progressed.  Higher concentrations of Mg during root initiation and early 

root expression, B during root expression and root growth, and Zn during all stages of 

adventitious rooting suggest that these nutrients are essential to adventitious rooting in zonal 

geranium cuttings. 
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Introduction 

Optimal nutrition is necessary for successful adventitious root formation and 

influences quality and production time (Hartmann et al., 2002; Rowe and Cregg, 2002). 

Nutrients are applied during propagation to replenish leached nutrients, provide nutrition for 

new growth, and maintain nutrient levels within recommended ranges (Santos and Fisher, 

2009; Wott and Tukey, 1969).  Appropriate concentration and timing of nutrient supply 

during cutting propagation affects root development, growth, uptake efficiency, and 

transplant success (Santos, 2009). 

  Adventitious root formation is generally divided into three consecutive, but 

interdependent, developmental stages: induction, initiation, and expression (De Klerk et al., 

1995).  The overall success of rooting relies on the optimal progress of each rooting stage 

(Bellamine et al., 1998; De Klerk et al., 1999; Hartmann et al., 2002; Kevers et al., 1997; 

Scagel, 1999; Schwambach et al., 2005).  However, the effects of mineral nutrition on the 

stages of adventitious root formation are poorly understood (Blazich, 1988; Schwambach et 

al., 2005; Svenson and Davies, 1995).  Nutrient requirements vary during the different 

rooting stages thus the role of nutrients must be considered for each stage in the rooting 

process (Bellamine et al., 1998; Blazich, 1988).  While few studies have ventured to 

elucidate the effects of specific nutrients on each of the three stages (Blazich, 1988; 

Schwambach et al., 2005), better coordination of fertilization to developmental stage 

requirements has the potential to increase nutrient uptake efficiency and reduce waste 

(Santos, 2009). 
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 Adventitious root formation is an energy consuming process and requires energy 

reserves and macromolecule carbon skeletons for organic compounds.  Conflicting 

experimental data exists as to the dependence of adventitious root formation on 

carbohydrates. Leaf carbohydrate levels can be negligible after shipping and must be 

replenished by photosynthesis before carbohydrates can be partitioned to the cutting base for 

adventitious root formation (Druege et al., 2004).   

 Macronutrient fertilization strategies for stock plants and the subsequent rooting of 

excised cuttings have been studied in chrysanthemum (Dendranthema x grandiflorum 

Kitam.), zonal geranium (Pelargonium x hortorum L.H. Bailey), New Guinea impatiens 

(Impatiens hawkeri W. Bull), and petunia (Petunia x hybrida Vilm.) (Druege et al., 1998; 

Ganmore-Neuman and Hagiladi, 1990; Gibson, 2003; Santos, 2009).  Santos (2009) 

demonstrated nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), 

and sulfur (S) utilization in petunia varied during adventitious root formation; however, these 

results did not consider the distinct stages of adventitious root formation.  Fertilization of 

cuttings with a complete fertilizer (macronutrients and micronutrients) at 75 mg·L-1 N during 

the first week of propagation significantly increased total dry weight of finished cuttings, 

versus micronutrient only fertilization.  Continued use of a complete fertilizer at 75 mg·L-1 N 

after week 1 increased the shoot: root ratio compared to interrupted macronutrient 

fertilization.  Shoot dry weights of finished cuttings were lowest in cuttings that received 

only micronutrients during the first two weeks, followed by either complete fertilizer or 

micronutrients only during week 3.  Rooting stage and root length were unaffected by 

fertilization.  Root dry weight of finished cuttings was greatest for cuttings that received 
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complete fertilizer during the first week, followed by interrupted supply as compared to 

cuttings that received only micronutrient fertilizer during the first week or complete fertilizer 

for the entire 3-week period.   

 Gibson (2006) recommends an application of 50-75 mg·L-1 N at callus development 

followed by applications of 100 mg·L-1 N at root emergence.  A low-concentration fertilizer 

solution with low ammoniacal-N and P should be supplied after roots have formed in floral 

crops.  The fertilizers 13-2-13 and 15-5-15 are commonly used weekly at 50 to 100 mg·L-1 N 

by propagators.  

 Santos (2009) found that cutting propagators of petunia and calibrachoa (Calibrachoa 

x hybrida Cerv.) began fertilization anywhere from sticking to root emergence and growth, 

despite recommendations by Gibson (2006) to start fertilization at visible callus.  Santos 

(2009) suggests that fertilizer applications start as soon as possible in cuttings low in initial 

tissue nutrient concentrations to avoid deficiency induced growth limitations.   

 We are not aware of any reports examining the effects of fertilizer concentration and 

application timing on the distinct stages of adventitious root formation in zonal geranium or 

petunia.  Our objectives were to quantify the effects of macronutrient fertilizer application 

rate and timing on the adventitious rooting response of zonal geranium and petunia cuttings 

during the distinct stages of adventitious root formation.   
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Materials and Methods 

Expt. 1 Zonal geranium.  The experiment was conducted in a glass greenhouse in Raleigh, 

NC at 35 °N latitude.  Unrooted cuttings of ‘Tango Dark Red’ zonal geraniums were shipped 

by air from Syngenta Flowers in Mexico.  Cuttings were immediately inserted into 52.7 x 4.4 

cm, 12-count (46.4 ml/cell) propagation trays containing 75 silica-sand : 25 perlite (by 

volume), as a chemically neutral substrate.  The propagation medium was thoroughly leached 

with deionized water prior to use.  Trays were watered with deionized water and placed in a 

polyethylene-film tent propagation structure (10 m2) under natural photoperiod with 

days/nights of 24/18 °C.  Shade cloth (25% shade) was draped over the propagation structure 

as needed according to light, temperature, and root development stage.  Trays were misted 

four to six times daily, depending on environmental conditions, with 47 ml/tray of deionized. 

 Treatments.  The experiment was divided into four blocks, each consisting of four 

replicate trays of each of the 12 treatments.  Three developmental rooting stages, initiation, 

expression, and root growth, were estimated in an initial experiment to occur at 16, 21, and 

24 d post excision, respectively based on microscopic examination of basal stem sections. 

These results from the initial experiment were used to determine sampling dates in this 

subsequent experiment.   

 Trays were supplied once daily with 47 ml/tray of one of three macronutrient levels 

based on N supply (0, 50, or 100 mg·L-1) during the root initiation stage, root expression 

stage, and during root growth (Table 1).  Trays were fertilized with Professional 13-2-13 

(The Scotts Co., Marysville, OH), which contains 13N-0.86P-10.8K, using a pressurized 

garden sprayer.  Micronutrients were added to all treatment solutions as a soluble trace 
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element mix (STEM, The Scotts Company, Marysville, OH) at 1.0 g·L-1.  Treatment 1 served 

as a control and received 0 ppm N during root initiation, root expression, and root growth. 

 One experimental unit (tray) per treatment was collected from each block and 

destructively sampled at excision, root initiation, root expression, during root growth, and at 

termination for foliar nutrient and carbohydrate analysis. The experiment was terminated 

after 28 d.   

 Leachate sampling.  Leachate samples were collected at initiation, expression, root 

growth, and termination to determine pH and electrical conductivity. 

 Foliar nutrient analysis.  For foliar nutrient analysis, the entire shoots (leaves and 

stem) of four geranium cuttings were pooled for a single measurement from each block.  

Harvested tissue was rinsed with deionized water, washed in solution of 0.2 N HCl for 30 s, 

and again rinsed in deionized water prior to oven drying at 70 °C for 2 d.  Dried tissue was 

ground in a Cyclotec 1093 sample mill (Foss, Hillerod, Denmark) through a 0.5 mm screen. 

 Nitrogen was determined with a Vario Max CN analyzer (Elementar Americas, Mt. Laurel, 

NJ). Other macronutrients and micronutrients were determined with a Thermo Scientific 

iCAP 6000 series ICP spectrometer (Thermo Fisher Scientific, Waltham, MA).   

 Carbohydrate analysis.  For determination of soluble carbohydrates, the leaves of 

four cuttings were pooled for a single measurement from each block.  The lamina of the 

oldest and second oldest leaves were frozen at 20 °C and later lyophilized.  Carbohydrates 

were analyzed using a method adapted from Locke (2010).  Dried tissue was pulverized 

using a mortar and pestle and approximately 100 mg extracted in 3 ml 80% ethanol (EtOH).  

Samples were vortexed to suspend dried tissue, heated in an 80 °C water bath for 5 min, 
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followed by centrifugation at 3000 gn for 5 min at 4 °C.  The supernatant was removed to a 

new tube and the pellet resuspended in 3ml EtOH, vortexed, heated in 80 °C water bath, 

centrifuged, and the supernatant removed twice more.  Total supernatant for each sample was 

9 ml.  The supernatant was dried in a rotary evaporator then stored at -20 °C until 

reconstitution and analysis.  Samples were reconstituted in 1 ml H2O, filtered using 0.2 µm 

nylon centrifugal filters (National Scientific, Rockwood, TN) to remove remaining 

particulate matter, and analyzed by high-performance liquid chromatography (LaChrom 

Elite, Hitachi, Pleasanton, CA) using an isocratic gradient of deionized water with a flow rate 

of 0.4 ml·min-1.  A calcium column (BP-100 Ca++, Benson Polymetric, Reno, NV) was used 

for separation. Individual carbohydrates were identified by comparison with standards and 

quantified by calculating a ratio of the area units of the unknown to the area units of the 

carbohydrate standard of known concentration (Maness, 2010). 

 Cutting quality. One cutting per block was selected randomly at excision, initiation, 

expression, root growth, and termination to measure SPAD chlorophyll index (Spectrum 

Technologies Minolta SPAD 502; Plainfield, IL) and to rate cutting quality.  Visual quality 

was based on evaluations of combined damage from chlorosis, necrosis, and/or leaf 

abscission on the following scale: 5 = 0%, 4 = 1% to 25%, 3 = 26% to 50%, 2 = 51% to 75%, 

or 1 = 76% to 100% (images Appendix A). 

 Adventitious rooting. Four cuttings per block were selected randomly at initiation, 

expression, root growth, and termination to count root number. Roots were washed free of 

substrate and the number of adventitious primary roots > 0.5 mm in length was recorded.  

Four cuttings per block were selected randomly at termination for measurement of root and 
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shoot dry weight.  The cuttings from each block were pooled for a single measurement of 

root dry weight.  Roots and shoots were dried at 70 ºC for 2 d and separately weighed.   

 Adventitious rooting was evaluated by histological examination.  Four cuttings per 

block were randomly selected per treatment at root initiation and expression.  The presence 

or absence of callus tissue was noted before sectioning of stem tissue.  Basal 1 cm stem 

sections were hand sectioned, stained with methylene blue, and wet mounts made.  Sections 

were examined using an Olympus Cx41 microscope (Olympus, Center Valley, PA) and 

photographed microscopically using an Infinity 2 camera and the Infinity Analyze & Capture 

software (Lumenera Corporation, Ottawa, Ontario) to evaluate rooting.  Rooting was rated 

based on development: 0 = no callus or visible root activity; 1 = undifferentiated cell division 

prior to organized root formation; 2 = organized subcutaneous root initials (primordia); 3 = 

primordia elongation and visible root emergence beyond the epidermis; 4 = emerged primary 

roots >5 mm, or 5 = lateral roots (images Appendix B). 

 Statistical analysis. Statistical analysis was conducted using SAS 9.3 (SAS Institute, 

Cary, NC) generalized linear mixed model procedure (PROC GLIMMIX) for analysis of 

variance and Tukey’s honestly significant difference test  for mean separation where 

significance is defined as having P ≤ 0.01.   Letter groupings were generated with use of the 

PDMIX800 macro in SAS (Saxton, 1998). 

Expt. 2 Petunia.  The same procedures used in Expt. 1 were repeated in Expt. 2, except as 

noted.  Petunia ‘Sanguna Burgundy’ cuttings were inserted into 53.3 x 8.9 cm, 34-count (20 

ml/cell) propagation trays.  
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 Treatments.  Trays were supplied once daily with 49 ml/tray of one of three 

macronutrient levels based on N supply (0, 50, or 100 mg·L-1) during a combined root 

initiation/expression stage and a root growth stage (Table 2).  This was estimated in an initial 

experiment to occur at 5 d based on microscopic examination of the basal stem sections.  The 

experiment was terminated after 8 d.  One experimental unit (tray) per treatment was 

collected from each block and destructively sampled at excision, root initiation/expression, 

and at root growth/termination for foliar nutrient and carbohydrate analysis. 

 Leachate sampling.  Leachate samples were collected during root 

initiation/expression and at root growth/termination to determine pH and electrical 

conductivity. 

 Foliar nutrient analysis.  For foliar nutrient analysis, the entire shoots of 15 petunia 

cuttings were pooled for a single measurement from each block.    

 Carbohydrate analysis.  For determination of soluble and insoluble carbohydrates, the 

leaves of eight petunia cuttings were pooled for a single measurement from each block.   

 Cutting quality. One cutting per block was selected randomly at excision, 

initiation/expression, and root growth/termination to measure SPAD chlorophyll index and to 

rate cutting quality.   

 

Results 

Expt. 1 Zonal geranium. Cutting survival and quality. Survival of cuttings was not affected 

by nutrient treatment or rooting stage (data not presented).  The visual quality of control 

cuttings was lower (P < 0.0001) than the visual quality of cuttings that did not receive 0 
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mg·L-1 N at any rooting stage (Table 3) Visual quality was greatest (P < 0.0001) at 0 d and 

lowest at 16, 21, and 24 d (Table 4).  SPAD rating was highest (P < 0.0001) at 0 d and lowest 

at 24 d, indicating some leaf yellowing (destruction of chlorophyll) occurred during the 

transition from early root growth to a lateral root system. 

 Growth.  Shoot dry weight was not affected by nutrient treatment or rooting stage 

(data not presented). 

 Adventitious rooting.  Cuttings given 100 mg·L-1 N at initiation followed by  

50 mg·L-1 N at expression and root growth had root ratings 25.7% higher than cuttings given 

0 mg·L-1 N at initiation followed by 50 mg·L-1 N at expression and root growth (Table 3).  

Cuttings provided N at rates greater than 0 mg·L-1 N at any rooting stage produced more 

roots (P < 0.0001) than all other cuttings.  Root rating and root number increased (P = 

0.0065, < 0.0001, respectively) as rooting stage progressed (Table 4).  Root dry weight and 

the development of callus cells were similar across all nutrient treatments and rooting stages 

(data not presented). 

 Foliar nutrient analysis.  Magnesium (Mg) concentrations in cuttings provided 100 

mg·L-1 N at all rooting stages were higher (P = 0.0001) than those in cuttings provided 0 

mg·L-1 N at initiation,  followed by 100 mg·L-1 N at expression and root growth, 0 mg·L-1 N 

at initiation and expression followed by 50 mg·L-1 N at root growth, or 0 mg·L-1 N at 

initiation followed by 50 mg·L-1 N at expression and 100 mg·L-1 N at root growth (Table 3).  

Magnesium concentrations in cuttings provided 50 or 100 mg·L-1 N at initiation followed by 

0 mg·L-1 N at expression and root growth were higher (P = 0.0001) than the concentration in 
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cuttings provided 0 mg·L-1 N at initiation followed by 50 mg·L-1 N at expression and 100   

mg·L-1 N at root growth.   

 With the exception of boron (B) and zinc (Zn), all macronutrients and micronutrients 

decreased (P < 0.0001) as rooting stage progressed (Table 4).  Boron concentration was 

greatest (P < 0.0001) at 21 d when most cuttings had reached the root growth stage (root 

rating = 3.9) and lowest at termination.  Zinc concentration was greatest (P < 0.0001) when 

most cutting had reached the root growth stage (root rating= 3.9) or had begun to form lateral 

roots (root rating= 4.4) and lowest at 0 and 28 d. 

 Carbohydrate analysis.  Sucrose concentration was highest (P = 0.0002) at 21 d when 

most cuttings had reached the root growth stage (root rating = 3.9) (Table 5). Fructose 

concentration was lowest (P < 0.0001) at 0 d.  Glucose and total soluble sugar concentrations 

were lowest (P < 0.0001, < 0.0001, respectively) at 0 d and increased as rooting stage 

progressed. 

Expt. 2 Petunia. Cutting survival and quality. Survival of cuttings was not affected by 

nutrient treatment or rooting stage (data not presented).  Visual quality declined (P = 0.0029) 

in cuttings provided 0 mg·L-1 N at initiation and expression followed by 50 mg·L-1 N at root 

growth during the root initiation/expression stage and in cuttings provided 100 mg·L-1 N at 

all rooting stages during the root growth stage (Fig. 1).  Visual quality declined between 0 d 

and the root growth stage for cuttings provided 0 mg·L-1 N during root growth.  SPAD 

ratings were highest (P = 0.0067) at 0 d, indicating minor leaf yellowing as rooting occurred 

(Table 6). 
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 Growth.  Shoot dry weight was not affected by nutrient treatment or rooting stage 

(data not presented). 

 Adventitious rooting.  Root rating and root number increased (P < 0.0001, < 0.0001, 

respectively) between the root initiation/expression and root growth stages (Table 6).  Root 

dry weight and the development of callus cells were not affected by nutrient treatment or 

rooting stage (data not presented). 

 Foliar nutrient analysis.  All macronutrients and micronutrients decreased (P < 

0.0001) as rooting stage progressed (Table 6). 

 Carbohydrate analysis. Sucrose concentration was highest (P < 0.0001) at 0 d and 

decreased as rooting stage progressed (Table 7). Fructose concentration was lowest (P < 

0.0001) at 0 d and increased at the root initiation/expression stage.  Glucose and total soluble 

sugar concentrations were lowest (P < 0.0001, 0.0001, respectively) at 0 d and highest at the 

root initiation/expression stage. 

 

Discussion 

 The main goal during cutting propagation is to produce sufficiently rooted cuttings in 

a short time period (Lopez and Runkle, 2008).  Root ratings and root counts indicate that 

adventitious root development in zonal geranium cuttings occurred faster and resulted in 

more fully rooted cuttings when provided macronutrient levels of 50-100 mg·L-1 N 

throughout propagation. 

 Visual quality ratings suggest that zonal geranium cuttings had less chlorosis, 

necrosis, and/or leaf abscission when provided macronutrient levels of 50-100 mg·L-1 N 
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throughout propagation.  Petunia cuttings had less chlorosis, necrosis, and/or leaf abscission 

when provided macronutrient levels of 50-100 mg·L-1 N during the root growth stage. These 

results are in agreement with the recommendation by Santos (2009) of a constant fertilizer 

rate of 75 mg·L-1 N during propagation of petunia ‘Royal Velvet’. 

 The effect of nutrient treatment on zonal geranium Mg concentrations suggests that 

Mg is important for root initiation and early root expression in this species.  Magnesium 

deficiency inhibits protein synthesis (Mengal and Kirkby, 1982); therefore, it has been 

suspected to be of importance to adventitious rooting.  However, studies investigating the 

requirement for Mg during adventitious rooting are limited (Blazich, 1988) and have 

provided conflicting outcomes.  Magnesium levels declined during root initiation and 

increased during root expression in poinsettia (Euphorbia pulcherrima Willd. ex Klotzsch) 

cuttings (Svenson and Davies, 1995).  No association was observed between Mg content and 

rooting of eucalyptus (Eucalyptus grandis W. Hill ex Maid.) minicuttings (da Cunha et al., 

2009). 

 Results of this study indicate that B is required in higher concentrations during root 

expression in zonal geranium.  Boron is necessary for cell wall formation and stabilization, 

sugar transport, carbohydrate synthesis, membrane structure, auxin activity, lignification, and 

xylem differentiation (Gibson, 2006; Gupta, 1993; Marschner, 1995; Styer and Koranski, 

1997).  Adventitious roots in sunflower (Helianthus annuus L.) hypocotyl cuttings were not 

formed and intact plant growth was rapidly inhibited in the absence of B (Josten and 

Kutschera, 1999), suggesting the requirement of B for the maintenance of cell division and/or 

cell elongation (Li et al., 2009).  Studies on the early rotting of zonal geranium cuttings by 



 

100 

Murray et al. (1957) determined that B was not needed for the initiation of rooting of 

cuttings, but was essential for continued root growth after initiation. 

 Our results suggest that Zn is needed in higher concentrations during all stages of 

zonal geranium adventitious rooting.  Zinc is required for the production of tryptophan, an 

auxin precursor, and for the formation of auxin from tryptophan (Salami and Kenefick, 1970; 

Takaki and Kushizaki, 1970).  Zinc concentrations increased in poinsettia cuttings during 

early root initiation (Svenson and Davies, 1995).  An increased percentage of rooted cuttings 

in grape (Vitis L. cv. Chasselas × Berlandieri 41 B) was associated with Zn fertilization of 

stock plants and increased levels of tryptophan (Salami and Kenefick, 1970; Takaki and 

Kushizaki, 1970). 

 Nutrient concentrations, with the exception of B and Zn in zonal geranium cuttings, 

declined as rooting stage progressed due to foliar leaching, dilution, or a combination of both 

factors (Good and Tukey, 1966; Good and Tukey, 1967; Svenson and Davies, 1995).  The 

frequent application of water to leaves by mist often results in the foliar leaching of nutrients 

(Carney and Whitcomb, 1983; Good and Tukey, 1966; Hartmann et al., 2002; Morton and 

Boodley, 1969).  A tent structure was used to raise humidity levels in this experiment, 

reducing the number of daily mist applications required; therefore, foliar leaching is an 

unlikely cause of nutrient concentration decline and dilution is a more likely cause.  Nutrients 

may be diluted by redistribution for new growth, increases in dry weight, or to overcome 

deficiencies in the root zone (Good and Tukey, 1966; Haissig, 1986; Morton and Boodley, 

1969).  However, both mobile and immobile nutrients declined during these experiments; 

therefore, redistribution is unlikely.  Dilution, as water is used to increase cell size after cell 
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division, is the most probable cause to explain the decline in tissue nutrient concentration.  

Similar results were reported in chrysanthemum, New Guinea impatiens, petunia, and 

poinsettia cuttings (Good and Tukey, 1967; Gibson, 2003; Santos et al., 2011; Svenson and 

Davies, 1995). 

 Neither zonal geranium nor petunia cuttings soluble sugar concentrations were 

affected by nutrient treatment.  These results are contradictory to the 2009 study by Zerche 

and Druege reporting N supply (low, adequate, and high N rates based on biweekly soil 

sample analysis results) affected carbohydrate levels in poinsettia cuttings.  The observation 

that soluble carbohydrate levels in the leaf lamina accumulated during rooting is likely 

related to depletion during shipping.  Depletion is thought to up-regulate genes involved in 

photosynthesis, remobilization, and carbohydrate export (Koch, 1996).  Our results in 

petunia, with the exception of sucrose, support research by Ahkami et al (2008).  Glucose 

and fructose levels reached their highest before the emergence of roots.  Petunia cutting 

sucrose levels in this study do not appear to have been depleted during shipping and did not 

have the same response as the other soluble carbohydrates. 

 It is possible that few factors were affected by the nutrient treatments due to the 

method of fertilizer application.  Foliar nutrient applications supply nutrients faster and with 

greater consistency than root applications; however, the supply of foliar applied nutrients is 

more temporary than the supply of root applied nutrients (Marschner, 1995).  In addition, 

nutrient uptake by leaves is most efficient when the nutrient solution remains on the leaf as a 

thin film (Mengal and Kirkby, 1982).  Future studies examining the role of foliar supplied 
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nutrients on adventitious rooting should use surfactant chemicals to eliminate this as a 

possible issue. 
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Table 1. Pelargonium × hortorum 'Tango Dark Red' 

treatments. 

  Root development stage 

  Initiationz Expressiony 

Root 

growthx 

 

Time (d) 

Nutrient 1-16 17-21 21-24 

treatment N rate (mg·L-1)w 

1 0 0 0 

2 

 

50 50 

3 

 

100 100 

4 50 0 0 

5 

 

50 50 

6 

 

100 100 

7 100 0 0 

8 

 

50 50 

9 

 

100 100 

10 0 0 50 

11 

 

0 100 

12 

 

50 100 
zCell dedifferentiation and division leading to the 

formation of root meristem and subsequent development of 

these root initials into organized primordia.   
yPrimordia elongation and visible root emergence beyond 

the epidermis. 
xEmerged primary roots >5 mm. 
wSupplied by Professional 13-2-13 (The Scotts Co., 

Marysville, OH) containing 13N-0.86P-10.8K. 
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Table 2. Petunia × hybrida 'Sanguna Burgundy' 

treatments. 

  Root development stage 

  Initiationz and 

expressiony 

Root  

growthx   

Nutrient 

Time (d) 

1-5 6-8 

treatment N rate (mg·L-1)w 

1 0 0 

2 

 

50 

3 

 

100 

4 50 0 

5 

 

50 

6 

 

100 

7 100 0 

8 

 

50 

9 

 

100 
zCell dedifferentiation and division leading to the 

formation of root meristem and subsequent development 

of these root initials into organized primordia.   
yPrimordia elongation and visible root emergence beyond 

the epidermis. 
xEmerged primary roots >5 mm. 
wSupplied by Professional 13-2-13 (The Scotts Co., 

Marysville, OH) containing 13N-0.86P-10.8K. 
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Table 3. Pelargonium × hortorum 'Tango Dark Red' visual quality, root rating, root number, and 

shoot magnesium (Mg) concentration as affected by nutrient treatments. 

Root development stage                 

Initiation Expression 
Root 

growth             
    

Time (d) 

 
  

 1-16 17-21 21-24 Visual Root Root Mg 

N rate (mg·L-1 ) qualityz ratingy no. (% dry weight) 

0 0 0 4.6 cx 3.7 ab 2.9 bc 0.35 abc 

0 50 50 4.7 abc 3.5 b 2.8 c 0.36 abc 

0 100 100 4.6 bc 4.0 ab 4.5 abc 0.35 bc 

50 0 0 4.8 abc 3.8 ab 2.9 c 0.37 ab 

50 50 50 4.8 ab 4.3 ab 5.0 a 0.35 abc 

50 100 100 4.8 ab 4.2 ab 4.7 ab 0.36 abc 

100 0 0 4.7 abc 3.7 ab 3.9 abc 0.37 ab 

100 50 50 4.9 a 4.4 a 5.4 a 0.36 abc 

100 100 100 4.9 ab 4.1 ab 5.0 a 0.37 a 

0 0 50 4.7 abc 3.8 ab 2.9 bc 0.36 abc 

0 0 100 4.7 abc 3.9 ab 3.7 abc 0.35 bc 

0 50 100 4.7 abc 4.1 ab 3.6 abc 0.34 c 

                      

P valuew   ***   ***   ***   ***   
zVisual quality where 1 = 76% to 100%, 3 = 26% to 50%, 5 = 0% combined damage from 

chlorosis, necrosis, and/or leaf abscission. 
yRoot rating where 0 = no callus or visible root activity, 1 = undifferentiated cell division, 2 = 

organized root initials (primordia), 3 = primordia elongation and visible root emergence, 4 = 

emerged primary roots >5 mm, 5 = lateral roots. 
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Table 4. Pelargonium × hortorum 'Tango Dark Red' visual quality, SPAD rating, root rating, root number, 

shoot macronutrient (N, P, K, Ca, Mg, and S) concentration (% dry weight), and shoot micronutrient (B, Cu, 

Fe, Mn, Mo, and Zn) concentration (mg·kg-1) as affected by rooting stage in time. 

  Root development stage   

  Sticking Initiation Expression Root growth Fully rooted   

  Time (d)   

  0 16 21 24 28 P valuew 

Visual qualityz 5.0 ax 4.6 c 4.6 c 4.7 c 4.8 b *** 

SPAD rating 64.83 a 60.31 b 59.97 b 57.59 c 60.97 b *** 

Root ratingy ---   2.8 d 3.9 c 4.4 b 4.8 a ** 

Root number ---   1.4 d 3.6 c 4.9 b 5.9 a *** 

N 2.99 a 2.81 b 2.68 c 2.64 c 2.44 d *** 

P 0.68 a 0.62 b 0.58 c 0.57 c 0.52 d *** 

K 3.04 a 2.62 b 2.47 c 2.42 c 2.29 d *** 

Ca 1.41 a 1.32 b 1.20 cd 1.18 cd 1.12 d *** 

Mg 0.41 a 0.37 b 0.35 c 0.34 c 0.32 d *** 

S 0.25 a 0.22 b 0.22 c 0.21 c 0.20 d *** 

B 26.27 b 24.17 bc 30.59 a 24.30 bc 23.80 c *** 

Cu 14.51 a 13.42 ab 12.38 bc 11.34 cd 10.50 d *** 

Fe 121.81 a 94.17 b 84.82 bc 71.14 c 80.91 bc *** 

Mn 277.69 a 247.78 b 230.70 c 224.30 c 217.24 c *** 

Mo 3.49 a 3.06 b 2.85 bc 2.72 cd 2.47 d *** 

Zn 38.44 b 42.50 ab 41.72 a 40.68 a 38.23 b *** 
zVisual quality where 1 = 76% to 100%, 3 = 26% to 50%, 5 = 0% combined damage from chlorosis, necrosis, 

and/or leaf abscission. 
yRoot rating where 0 = no callus or visible root activity, 1 = undifferentiated cell division, 2 = organized root 

initials (primordia), 3 = primordia elongation and visible root emergence, 4 = emerged primary roots >5 mm, 

5 = lateral roots. 
xMeans followed by the same letter within each row are not significantly different according to Tukey's 

honestly significant difference test. 
w** or ***, significant at P ≤ 0.01 or 0.001, respectively.   
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Table 5. Carbohydrate measurements of Pelargonium × hortorum 'Tango Dark 

Red' leaves as affected by rooting stage in time. 

Root 

development 

stage 

  

Sucrose Glucose Fructose 

Total 

soluble 

sugar   

Time (d) (mg carbohydrate/g leaf tissue) 

Sticking 0 14.78 bz 20.08 c 38.53 b 73.35 c 

Initiation 16 13.83 b 56.31 b 74.56 a 144.88 b 

Expression 21 20.62 a 58.17 ab 72.87 a 151.66 ab 

Root growth 24 14.41 b 71.93 ab 72.16 a 158.92 ab 

Fully rooted 28 15.68 b 78.81 a 86.83 a 181.62 a 

P valuey   **   ***   ***   ***   

zMeans followed by the same letter within each column are not significantly 

different according to Tukey's honestly significant difference test. 
y** or ***, significant at P≤ 0.01 or 0.001, respectively. 
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Table 6. Petunia × hybrida 'Sanguna Burgundy' SPAD rating, root rating, 

root number, shoot macronutrient (N, P, K, Ca, Mg, and S) concentration 

(% dry weight), and shoot micronutrient (B, Cu, Fe, Mn, Mo, and Zn) 

concentration (mg·kg-1) as affected by rooting stage in time. 

  Root development stage   

  
Sticking 

Initiation and 

expression 

Root   

  growth   

  Time (d)   

  0 5 8 P valuex 

SPAD rating 41.20 az 39.43 b 39.35 b ** 

Root ratingy ---   3.3 b 4.6 a *** 

Root number ---   3.2 b 7.6 a *** 

N 8.01 a 5.70 b 5.13 c *** 

P 0.84 a 0.61 b 0.50 c *** 

K 6.04 a 4.26 b 3.52 c *** 

Ca 0.73 a 0.44 b 0.38 c *** 

Mg 0.43 a 0.28 b 0.22 c *** 

S 0.50 a 0.35 b 0.28 c *** 

B 73.50 a 69.13 a 22.10 b *** 

Cu 22.91 a 17.47 b 14.74 c *** 

Fe 155.23 a 134.35 b 118.09 c *** 

Mn 119.20 a 71.56 b 59.01 c *** 

Mo 1.65 a 0.75 b 0.55 b *** 

Zn 99.28 a 76.87 b 67.82 c *** 

zMeans followed by the same letter within each row are not significantly 

different according to Tukey's honestly significant difference test. 
yRoot rating where 0 = no callus or visible root activity, 1 = 

undifferentiated cell division, 2 = organized root initials (primordia), 3 = 

primordia elongation and visible root emergence, 4 = emerged primary 

roots >5 mm, 5 = lateral roots. 
x** or ***, significant at P ≤ 0.01 or 0.001, respectively. 
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Table 7. Carbohydrate measurements of Petunia × hybrida 'Sanguna Burgundy' 

leaves as affected by rooting stage in time. 

Root development stage 

Time 

(d) Sucrose Glucose Fructose 

Total 

soluble 

sugar 

    (mg carbohydrate/g leaf tissue) 

Sticking 0 437.77 az 34.99 c 47.33 b 521.51 c 

Initiation and expression 5 311.67 b 324.58 a 450.64 a 1086.88 a 

Root growth 8 181.97 c 215.04 b 386.92 a 792.52 b 

P valuey   ***   ***   ***   ***   

zMeans followed by the same letter within each column are not significantly 

different according to Tukey's honestly significant difference test. 

y** or ***, significant at P ≤ 0.01 or 0.001, respectively. 
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Fig. 1. Effect of nutrient treatment × rooting stage in time on visual quality in Petunia × 

hybrida 'Sanguna Burgundy. (See Table 2 for treatment explanation.)  Visual quality where 1 

= 76% to 100%, 3 = 26% to 50%, 5 = 0% combined damage from chlorosis, necrosis, and/or 

leaf abscission. Vertical bars represent ± SE.  HSD0.05 for significant interaction is 0.5. HSD 

= honestly significant difference. 
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Subject Category: Propagation and Tissue Culture 

 

Effect of boron, calcium, and iron deficiencies on adventitious rooting in zonal geranium 

cuttings 

 

Additional index words. Pelargonium x hortorum, vegetative propagation, micronutrient, 

mineral nutrition, foliar analysis 

Abstract. The adventitious rooting response of zonal geranium (Pelargonium x hortorum 

L.H. Bailey) cuttings to a complete nutrient solution or nutrient solutions with either 10% or 

0% of B, Ca, or B & Ca, while including all the other nutrients at the same concentrations 

was characterized.  The parameters analyzed were survival, visual quality, SPAD rating, 

shoot and root dry weight, rooting, callus formation, root number and length, and foliar 

nutrient analysis.  Adventitious rooting was not affected by Fe deficiency, but was affected 

by B and/or Ca deficiency.  Cuttings deficient in B and/or Ca were less likely to survive 

propagation, rooted slower, and had lower root and shoot dry weights than non-deficient 

cuttings. 

 

Introduction 

Adventitious root formation is the primary regenerative process required for 

vegetative cutting propagation (Altamura, 1996; De Klerk et al., 1999).  It is generally 

divided into three consecutive, but interdependent, developmental stages: induction, 

initiation, and expression.  Rooting stages are classified based on histological (Lovell and 
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White, 1986) and biochemical (Gaspar, 1981) changes and may be physiologically identified 

by reactions to added hormones (De Klerk et al., 1995).  The overall success of rooting relies 

on the optimal progress of each rooting stage (Bellamine et al., 1998; De Klerk et al., 1999; 

Hartmann et al., 2002; Kevers et al., 1997; Scagel, 1999; Schwambach et al., 2005). 

 Optimal nutrition is necessary for successful adventitious root formation and 

influences quality and production time (Hartmann et al., 2002; Rowe and Cregg, 2002).  

However, the effects of specific nutrients on the stages of adventitious root formation are 

poorly understood (Blazich, 1988; Schwambach et al., 2005; Svenson and Davies, 1995).  

Haissig (1986) suggests root primordia initiation and development is influenced by applying 

specific nutrients during rooting.  Nitrogen (N), potassium (K), calcium (Ca), magnesium 

(Mg), manganese (Mn), boron (B), and zinc (Zn) are thought to be involved in root induction 

and may individually or interactively influence root development (Alam and Chong, 2006; 

Blazich, 1988; Santos, 2009; Svenson and Davies, 1995).  Svenson and Davies (1995) found 

both macronutrient and micronutrient tissue concentrations changed in cuttings of poinsettia 

(Euphorbia pulcherrima Willd. ex Klotzsch) during adventitious root formation.  Tissue 

concentrations of iron (Fe), copper (Cu), and molybdenum (Mo) increased in the basal region 

of poinsettia cuttings at the time of primordia emergence, suggesting these nutrients are 

important to root initiation.  Iron, Cu, Mo, Mg, Mn, B, and Zn increased in cutting bases 

during root primordial elongation and root emergence, indicating their importance to root 

expression.  

According to Hartmann et al. (2002), nutrients applied to cuttings during propagation 

do not affect initiation and only encourage root development after initiation.  Although 
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opinions vary as to the improvement of rooting with fertilizer applications during root 

initiation, fertilization during root growth and development is an accepted practice (Blazich, 

1988; Rowe and Cregg, 2002).    

Macronutrient fertilization strategies for stock plants and the subsequent rooting of 

excised cuttings have been studied in chrysanthemum (Dendranthema x grandiflorum 

Kitam.), zonal geranium (Pelargonium x hortorum L.H. Bailey), and New Guinea impatiens 

(Impatiens hawkeri W. Bull) (Druege et al., 1998; Ganmore-Neuman and Hagiladi, 1990; 

Gibson, 2003).  We are not aware of any reports on the effects of tissue elemental 

concentration on the distinct stages of adventitious root formation in zonal geranium.  Our 

objectives were to determine the impact of B, Ca, and Fe deficiencies and the interaction of B 

and Ca deficiencies during initiation, expression, and root growth. 

 

Materials and Methods 

Expt. 1 Iron deficiency.  The experiment was conducted in a glass greenhouse in Raleigh, 

NC at 35° N latitude.   Rooted cuttings of ‘Tango Dark Red’ zonal geraniums were shipped 

by air from an offshore vegetative cutting supplier, Syngenta Flowers in Mexico.  Rooted 

cuttings were immediately inserted one per pot into 15.2 cm round plastic containers 

containing silica-sand, as a neutral substrate, on 3 Oct. 2013.  The medium was thoroughly 

leached with deionized water prior to use.  Plants were grown in a glass greenhouse under 

natural photoperiod and irradiance with days/nights of 24/18° C.  During the first 4 weeks, 

plants were fertilized at each irrigation with a complete 1/3 strength modified Hoagland’s all 
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nitrate solution.  Stock plants were pinched 14 days after planting to develop a canopy for 

cutting harvest by removing 2.5 cm of the distal portion of lateral shoots (leaves and stem).   

Treatments.  Treatments were initiated after 4 weeks of growth.  Control plants were 

grown with a complete modified Hoagland’s all nitrate solution consisting of macronutrients 

(mM), 15 NO3-N, 1.0 PO4-P, 6.0 K, 5.0 Ca, 2.0 Mg, and 2.0 SO4-S (Hoagland and Arnon, 

1950), plus micronutrients (µM): 72 Fe, 18 Mn, 3 Cu, 3 Zn, 45 B, and 0.1 Mo.  To induce 

nutrient deficiency treatments, plants were irrigated with the complete nutrient solution 

minus Fe (denoted as -Fe) and 10% of the complete amount of Fe (denoted as 10% Fe).  For 

macronutrients, the salt cations were replaced with Na and anions replaced with Cl.  The salt 

was omitted from the solution for micronutrients (Barnes, 2010).  The pH was maintained at 

5.8 for all solutions using sodium hydroxide and hydrochloric acid.  Macro and 

micronutrients were obtained from reagent grade salts and 18-mega ohms purity deionized 

water (Pitchay, 2002).  A recirculating irrigation system was constructed of 27 gutter sections 

(3.05 m).  Each section contained 17 geranium pots elevated on PVC spacers.  Continual 

liquid fertilization was supplied during daylight by a sub-pump driven drip irrigation system 

for 3 min once daily.  The solution was allowed to drain out the bottom of the pot and was 

captured for reuse.  Solutions were replaced as needed with a complete replacement of 

solution weekly. 

 Plants were monitored daily to document deficiency symptoms as they developed. 

Cuttings were harvested once 50% of the treatment plants developed visual deficiency 

symptoms. Terminal cuttings 4-6 cm long with at least two fully expanded leaves were 

harvested on 6 Dec. 2013.  A second harvest was intended after plants regrew new cuttings; 
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however, stock plants receiving the 10% Fe and -Fe solutions failed to produce sufficient 

cuttings to conduct a second harvest. 

Excised cuttings of geranium were inserted into 52.7 x 4.4 cm, 72-count (46.4 

ml/cell) propagation trays containing 75 silica-sand : 25 perlite (by volume), as a chemically 

neutral substrate.  The propagation medium was thoroughly leached with deionized water 

prior to use.  Trays were placed in a mist propagation environment under natural photoperiod 

with days/nights of 22.8/20° C.  Mist frequency was adjusted according to light, temperature, 

and root development stage. 

The experiment was divided into four blocks, each consisting of four replicate trays.  

Three developmental rooting stages, initiation, expression, and root growth, were estimated 

in an initial experiment to occur at 16, 21, and 24 d, respectively, based on microscopic 

examination of basal stem sections.  These results from the initial experiment were used to 

determine sampling dates in this subsequent experiment.  One experimental unit (tray) per 

treatment was collected from each block and destructively sampled at excision, root 

initiation, root expression, root growth, and termination for foliar nutrient analysis.  The 

experiment was terminated after 28 d.   

 Foliar nutrient analysis.  The entire shoots of four geranium cuttings were randomly 

selected and pooled at treatment initiation, harvest, during the propagation stages (excision, 

initiation, expression, root growth), and at termination for a single measurement from each 

block.  Harvested tissue was rinsed with deionized water, washed in a solution of 0.2 N HCl 

for 30 s, and again rinsed in deionized water prior to drying at 70° C for 2 d.  Dried tissue 

was ground in a Cyclotec 1093 sample mill (Foss, Hillerod, Denmark) through a 0.5 mm 
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screen.  Nitrogen was determined with a Vario Max CN analyzer (Elementar Americas, Mt. 

Laurel, NJ). Other macronutrients and micronutrients were determined with a Thermo 

Scientific iCAP 6000 series ICP spectrometer (Thermo Fisher Scientific, Waltham, MA).  

 Cutting quality. One cutting per block was selected randomly at excision, initiation, 

expression, root growth, and termination to measure SPAD chlorophyll index (Spectrum 

Technologies Minolta SPAD 502; Plainfield, IL) and rate cutting quality.  Visual quality was 

based on evaluations of combined damage from chlorosis, necrosis, and/or leaf abscission on 

the following scale: 5 = 0%, 4 = 1% to 25%, 3 = 26% to 50%, 2 = 51% to 75%, 1 = 76% to 

100% (images Appendix A). 

 Adventitious rooting.  Four cuttings per block were selected randomly at initiation, 

expression, root growth, and termination to count root number. Roots were washed free of 

substrate and the number of adventitious primary roots > 0.5 mm in length was recorded.   

Root length was recorded on the same four cuttings at initiation and used to determine 

average root length. 

 Four cuttings per block were selected randomly at termination for measurement of 

root and shoot dry weight and root number.  The cuttings from each block were pooled for a 

single measurement of root dry weight.  Roots were washed free of substrate and separated 

from the shoots.  Roots and shoots were dried at 70º C for 2 d and separately weighed.   

 Adventitious rooting was evaluated by histological examination.  Four cuttings per 

block were randomly selected per treatment at root initiation and expression.  The presence 

or absence of callus tissue was noted before sectioning of stem tissue.  Basal 1 cm stem 

sections were hand sectioned, stained with methylene blue, and wet mounts made.  Sections 
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were examined using an Olympus Cx41 microscope (Olympus, Center Valley, PA) and 

photographed microscopically using an Infinity 2 camera and the Infinity Analyze & Capture 

software (Lumenera Corporation, Ottawa, Ontario) to evaluate rooting.  Rooting was rated 

based on development: 0=no callus or visible root activity; 1 = undifferentiated cell division 

prior to organized root formation; 2 = organized subcutaneous root initials (primordia); 3 = 

primordia elongation and visible root emergence beyond the epidermis; 4 =e merged primary 

roots >5 mm, or 5 = lateral roots (images Appendix B). 

Statistical analysis.  Statistical analysis was conducted using SAS 9.3 (SAS Institute, 

Cary, NC) generalized linear mixed model procedure (PROC GLIMMIX) for analysis of 

variance and Tukey’s honestly significant difference test  for mean separation where 

significance is defined as having P ≤ 0.05.   Letter groupings were generated with use of the 

PDMIX800 macro in SAS (Saxton, 1998). 

Expt. 2 Boron deficiency.  The same procedures used in Expt. 1 were repeated in Expt. 2, 

except as noted. Rooted cuttings of ‘Tango Neon Purple’ zonal geraniums were planted on 9 

Nov. 2012.  To induce nutrient deficiency treatments, plants were irrigated with the complete 

nutrient solution minus B (denoted as -B) and 10% of the complete amount of B (denoted as 

10% B).  Cuttings were excised for an initial harvest on 13 Feb. 2013. A second harvest was 

collected on 29 Mar. 2013 after plants regrew new shoots. 

Expt. 3 Calcium deficiency. The same procedures used in Expt. 1 were repeated in Expt. 3, 

except as noted. Rooted cuttings of ‘Tango Neon Purple’ zonal geraniums were planted on 9 

Nov. 2012.  To induce nutrient deficiency treatments, plants were irrigated with the complete 

nutrient solution minus Ca (denoted as -Ca) and 10% of the complete amount of Ca (denoted 
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as 10% Ca).  Cuttings were excised for an initial harvest on 26 Feb. 2013. A second harvest 

of cuttings from stock plants receiving the control solution and the 10% Ca solution was 

collected on 23 Apr. 2013 after plants regrew new shoots. Stock plants receiving the -Ca 

solution failed to produce sufficient cuttings to conduct a second harvest on this deficiency 

level. 

Expt. 4 Boron and calcium deficiency. The same procedures used in Expt. 1 were repeated 

in Expt. 4, except as noted. Rooted cuttings of ‘Tango Neon Purple’ zonal geraniums were 

planted on 9 Nov. 2012.  To induce nutrient deficiency treatments, plants were irrigated with 

the complete nutrient solution minus both B and Ca (denoted as -B & Ca) and 10% of the 

complete amount of B and Ca (denoted as 10% B & Ca).  Cuttings were excised for an initial 

harvest on 29 Jan. 2013. A second harvest of cuttings from stock plants receiving the control 

solution and the 10% B & Ca solution was collected on 29 Mar. 2013 after plants regrew new 

shoots. Stock plants receiving the -B & Ca solution failed to produce sufficient cuttings to 

conduct a second harvest on this deficiency level. 

  

Results 

Expt. 1 Iron deficiency. Cutting survival and quality. Survival of the cuttings was not 

affected by nutrient regime or rooting stage (data not presented).  Visual quality and SPAD 

ratings were 19% higher in control and 10% Fe cuttings than in -Fe cuttings, indicating less 

leaf yellowing in control and 10% Fe cuttings (Table 1). 

 Growth.  Shoot dry weight was not affected by nutrient regime or rooting stage. 
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 Adventitious rooting.  Root ratings were higher (P < 0.0001) at 21, 24, and 28 d than 

at 16 d (Table 1), indicating that all cuttings had developed a lateral root system by 21 d. The 

development of callus cells was not affected by nutrient regime or rooting stage (data not 

presented).  Root counts at 24 and 28 d were higher (P = 0.0009) than root counts at 16 d 

(Table 1).  Neither root dry weight nor root length at 16 d were affected by nutrient regime or 

rooting stage. 

 Foliar nutrient analysis.  There was an interaction between nutrient regime and 

rooting stage (P = 0.0481) on N concentration.  At excision, N concentration was higher in 

the control cuttings than in the -Fe cuttings and decreased in all nutrient regimes as rooting 

stage progressed (Fig. 1A).  Phosphorus concentration at excision was lower (P = 0.0045) in 

the control cuttings than in the -Fe cuttings and decreased (P < 0.0001) in all nutrient regimes 

as rooting stage progressed (Fig. 1B).  Concentrations of K, Ca, Mg, and sulfur (S) decreased 

(all P < 0.0001) between 0 and 21 d and between 21 d and 28 d (Fig. 1C-F). 

 Boron concentration decreased (P < 0.0001) between 0 and 21 d and between 21 d 

and 28 d (Fig. 2A).  There was an interaction between nutrient regime and rooting stage on 

Cu, Fe, Mn, and Mo concentrations (P < 0.0001, 0.0086, 0.0001, 0.0491, respectively).  The 

highest Cu concentrations were in -Fe cuttings (Fig. 2B). Iron concentration declined from 0 

to 16 d in 10% Fe cuttings (Fig. 2C).  Manganese concentration at 0 d was highest in the -Fe 

cuttings and lowest in the control cuttings and declined in both 10% Fe and -Fe cuttings over 

the course of the experiment (Fig. 2D). Molybdenum concentrations were highest at 0 d and 

declined from 0 to 21 d in both control cuttings and -Fe cuttings, while concentrations in 

10% Fe cuttings declined from 0 to 16 d (Fig. 2E).  Zinc concentration at 0 d was lower (P < 
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0.0001) in the control cuttings than in the 10% Fe and -Fe cuttings and decreased ( P < 

0.0001) in all nutrient regimes as rooting stage progressed (Fig. 2F).   

Expt. 2 Boron deficiency.  Cutting survival and quality.  Survival of cuttings was affected 

by nutrient regime.  All control and 10% B cuttings survived in both harvest 1 and 2; 

however, only 87.50% and 50% of -B cuttings survived in harvest 1 and 2, respectively (data 

not presented). 

 There was an interaction between nutrient regime and rooting stage on visual quality 

during harvests 1 and 2 (P = 0.0056, < 0.0001, respectively). Visual quality was lower in -B 

cuttings than other cuttings and decreased as rooting stage progressed during both harvests 

(Fig. 3A-B).  SPAD ratings were lower (P < 0.0001) in -B cuttings than in control and 10% 

B cuttings in both harvest 1 and 2, indicating less leaf yellowing in control and 10% B 

cuttings.  SPAD ratings were lower (P < 0.0001) at 24 and 28 d in harvest 1, indicating more 

leaf yellowing rooting stage progressed (Table 2).   

 Growth.  Shoot dry weight was not affected by nutrient regime or rooting stage 

during the first harvest.  The shoot dry weight of 10% B cuttings was higher (P < 0.0001) 

than that of control and -B cuttings during harvest 2 (Table 3). 

 Adventitious rooting.  There was an interaction between nutrient regime and rooting 

stage effects (P < 0.0001) on the root ratings during harvest 1. The root rating in -B cuttings 

indicates that these cuttings were between the initiation stage and the expression stage at 16 

d, while control and 10% B cuttings had reached the root growth stage.  By 21 d all cuttings 

had reached or surpassed the root growth stage, regardless of nutrient regime (Fig. 4).  

During harvest 2, root ratings were higher (P = 0.0169) in cuttings receiving the control 
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solution versus cuttings receiving the -B solution and higher (P < 0.0001) at 21, 24, and 28 d 

versus 16 d (Table 2).  Less callus development (92.86%, 87.88%) occurred during both 

harvests in -B cuttings versus other cuttings (100% callus) (data not presented).   

 Cuttings receiving the -B solution had less roots than other cuttings and the number of 

roots increased as rooting stage progressed during harvest 1 and 2 (P < 0.0001, 0.0001, 

respectively) (Table 2).  Cuttings receiving the -B solution had lower (P = 0.0006) root dry 

weight than the other cuttings (Table 3).  Root length at 16 d was not affected by nutrient 

regime or by rooting stage in either harvest (Table 3). 

 Foliar nutrient analysis.  There was an interaction between nutrient regime and 

rooting stage effects on N concentration during both harvests (P = 0.0344, 0.0006, 

respectively).  Nitrogen concentration declined as rooting stage progressed in both harvests 

(Fig. 5A and 6A) and was higher between 16 and 28 d in -B cuttings when compared to 

control and 10% B cuttings.  Phosphorus, K, and Ca declined (P < 0.0001, 0.0001, 0.0001) as 

rooting stage progressed.  Cuttings receiving the -B solution maintained higher 

concentrations (P < 0.0001, 0.0001, 0.0001) of P, K, and Ca than cuttings receiving the 

control or 10% B solution (Fig. 5B-D and 6B-D). There was an interaction between nutrient 

regime and rooting stage effects on Mg concentration during harvest 1 and 2 (P = 0.0344, 

0.0006, respectively).  Magnesium declined as rooting stage progressed in all nutrient 

regimes during harvest 1 (Fig. 5E); however, during harvest 2 Mg did not decline in -B 

cuttings (Fig. 6E).  Sulfur was affected by an interaction between nutrient regime and rooting 

stage (P = 0.0023) in harvest 2, but only by nutrient regime (P = 0.0031) in harvest 1.  Sulfur 
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declined as rooting stage progressed in both of the harvests, but remained higher at 24 and 28 

d in -B cuttings than in control or 10% B cuttings during the second harvest (Fig. 5F and 6F). 

 There was an interaction between nutrient regime and rooting stage effects on B 

concentration during harvests 1 and 2 (P = 0.0033, < 0.0001, respectively).  Boron 

concentration at 0 d was higher during harvest 1 than during harvest 2 (Fig. 7A and 8A).  

During harvest 1, B concentrations were initially low, increased until 16 d, and declined until 

28 d.  However, B concentrations declined from 0 to 28 d during harvest 2.  The Cu 

concentration at 0 d was higher (P = 0.037) in control cutting than in -B or 10% B cuttings 

during harvest 1 (Fig. 7B).  Copper concentrations during harvest 2 were higher (P < 0.0001) 

in -B cuttings, regardless of rooting stage (Fig. 8B).  During harvest 1, Fe concentrations 

decreased (P = 0.0004) between 0 and 21 d in -B cuttings while remaining stable in control 

and 10% B cuttings (Fig. 7C).  Iron concentration during harvest 2 was lower (P = 0.0017) in 

control cuttings versus -B or 10% B cuttings (Fig. 8C). 

 Manganese concentration was lower (P < 0.0001) in control cuttings as compared to -

B or 10% B cuttings during harvest 1.  During harvest 2, cuttings receiving the -B solution 

had a higher (P < 0.0001) Mn concentration than other cuttings.  Manganese concentrations 

declined as rooting stage progressed during both harvest 1 and 2 (P < 0.0001, 0.0001, 

respectively) (Fig. 7D and 8D).  Molybdenum concentrations declined as rooting stage 

progressed during both harvests 1 and 2 (P < 0.0001, 0.0001, respectively) (Fig. 7E and 8E).  

During harvest 1, -B cuttings had a higher (P = 0.0182) Zn concentration than control 

cuttings; whereas -B cuttings had a higher (P < 0.0001) Zn concentration than control or 10% 
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B cuttings during harvest 2.  Zinc concentrations declined from 0 to 21 d and from 0 to 28 d 

during harvest 1 and 2 (P = 0.0047, < 0.0001, respectively) (Fig. 7F and 8F). 

Expt. 3 Calcium deficiency.  Cutting survival and quality. All cuttings which received the 

control solution survived in both harvest 1 and 2. However, 98.44% and 91.67% of the 

cuttings receiving the 10% Ca solution survived in harvest 1 and 2, respectively, and 89.06% 

of the cuttings receiving the -Ca solution survived in harvest 1 (data not presented). 

 Visual quality was lower in -Ca cuttings during harvest 1 and in 10% Ca cuttings 

during harvest 2 (P < 0.0001, < 0.0001, respectively).  Visual quality declined as rooting 

stage progressed by 6.3% and 10.4% during harvest 1 and 2 (P < 0.0001, = 0.0075, 

respectively) (Table 4).  There was an interaction of nutrient regime × rooting stage (P = 

0.0196) on SPAD ratings during harvest 1.  Cuttings receiving the -Ca solution rapidly 

declined in SPAD ratings by 12.4% from 0 to 16 d, indicating loss of chlorophyll in -Ca 

cuttings from 0 to 16 d (Fig. 9).  Cuttings receiving the control solution had a SPAD rating 

22.2% higher than cuttings receiving the 10% Ca solution during harvest 2, indicating less 

leaf yellowing in the control cuttings than in the 10% cuttings (Table 4). 

 Growth.  Shoot dry weight was lower (P = 0.0203) in -Ca cuttings versus control 

cuttings during harvest 1 and lowest (P < 0.0001) in 10% Ca cuttings during harvest 2 (Table 

3). 

 Adventitious rooting.  Cuttings which received the control solution had a 29.4% or 

76% greater root rating than those which received the 10% Ca solution or the -Ca solution, 

respectively, during harvest 1.  Cuttings which received the control solution had a 38.2% 

greater root rating than those which received the 10% Ca solution during harvest 2.  Root 
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rating increased significantly as rooting stage progressed during harvest 1 and 2 (P < 0.0001, 

= 0.0067, respectively) (Table 4).  All cuttings which received the control solution formed 

callus in both harvest 1 and 2. However, 98.44% and 90.91% of the cuttings receiving the 

10% Ca solution formed callus in harvest 1 and 2, respectively, and 89.06% of the cuttings 

receiving the -Ca solution formed callus in harvest 1 (data not presented). 

 Control cuttings had 77.8% and 209.7% more roots than 10% Ca and -Ca cuttings 

during harvest 1, respectively. The number of roots increased (P < 0.0001) as rooting stage 

progressed during harvest 1 (Table 4). Root number had an interaction between nutrient 

regime and rooting stage (P < 0.0001) during harvest 2. Control and 10% Ca cuttings had 

similar root numbers at 16 d; rooting increased rapidly in control cuttings after 16 d, but 

remained stagnant in 10% Ca cuttings (Fig. 10).  Root dry weight was higher in control 

cuttings than in 10% Ca or -Ca cuttings during harvest 1 and 2 (P = 0.0110, 0.0151, 

respectively) (Table 3).  Root length at 16 d was 178.2% and 617.5% greater in control 

cuttings than in 10% Ca and -Ca cuttings during harvest 1, but was not affected by nutrient 

regime or by rooting stage during harvest 2 (Table 3).   

 Foliar nutrient analysis.  There was an interaction between nutrient regime and 

rooting stage effects on the concentrations of N, P, Ca, and S during harvest 1 (P < 0.0001, 

0.0169, <0.0001, <0.0001, respectively) and harvest 2 (all P ≤ 0.0001).  Nitrogen, P, and S 

concentrations declined as rooting stage progressed in all nutrient regimes during both 

harvests (Fig. 11A-B, F and 12A-B, F).  Nitrogen and P concentrations in control cuttings 

were higher at 0 d, but lower by 28 d than levels in 10% Ca cuttings during harvest 2 (Fig. 

11A-B and 12A-B).  Ca concentration in control cuttings was higher in 10% Ca and -Ca 
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cuttings and declined as rooting stage progressed, whereas Ca concentrations in 10% Ca and 

-Ca cuttings did not vary as rooting stage progressed (Fig. 11D and 12D).  Potassium 

concentrations in all cuttings declined (P < 0.0001) as rooting stage progressed during 

harvest 1 (Fig. 11C).  There was an interaction between nutrient regime and rooting stage 

effects (P = 0.0134) on K concentration during harvest 2.  Potassium concentrations declined 

as rooting stage progressed in both control and 10% Ca cuttings; however, the 10% Ca 

cuttings had higher K levels at 16, 21, 24, and 28 d than the control cuttings (Fig. 12C).  

There was an interaction between nutrient regime and rooting stage effects (P = 0.0005) on 

Mg concentrations during harvest 1.  During both harvests, Mg concentrations declined as 

rooting stage progressed in all nutrient regimes and control cuttings had a lower Mg 

concentration than 10% or -Ca cuttings at 0 d (Fig. 11F and 12F).   

 There was an interaction during both harvests between nutrient regime and rooting 

stage effects on B (P < 0.0001, = 0.0345, respectively) and Zn (P = 0.0009, 0.0004, 

respectively) concentrations.  During harvest 1, B concentrations declined as rooting stage 

progressed in control cuttings; however concentrations initially declined then peaked at 21d 

in 10% Ca cuttings and at 24 d in -Ca cuttings (Fig. 13A).  Boron concentrations during 

harvest 2 declined as rooting stage progressed, regardless of the nutrient regime (Fig. 14A).  

Zinc concentrations in control cuttings were initially higher than concentrations in other 

cuttings, but declined by 21 d or 16 d to concentrations non-significant from other cuttings 

during harvest 1 or 2, respectively (Fig. 13F and 14F).   

 Copper concentrations were higher (P = 0.0021) in control cuttings than in other 

cuttings and increased (P < 0.0001) in all cuttings between 0 and 16 d during harvest 1 (Fig. 
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13B).  There was an interaction between nutrient regime and rooting stage effects (P < 

0.0001) during harvest 2.  Concentrations of Cu in control cuttings declined as rooting stage 

progressed and exceeded concentrations in the 10% Cu cuttings at 0, 16, and 21 d (Fig. 14B).  

There was no significant effect of nutrient regime or rooting stage on Fe levels during harvest 

1 or 2 (Fig. 13C and 14C).   There was an interaction between nutrient regime and rooting 

stage effects (P = 0.0453) on Mn concentration during harvest 1.  Manganese concentrations 

in control and 10% Ca cuttings declined as rooting stage progressed during harvest 1 and 2, 

whereas Mn concentrations in -Ca cuttings did not decline (Fig. 13D and 14D).  There was 

an interaction between nutrient regime and rooting stage (P = 0.0373) on Mo concentration 

during harvest 1. Molybdenum concentrations in control cuttings during harvest 1 were 

initially higher than concentrations in 10% Ca and -Ca cuttings, but declined by 21 d to 

concentrations non-significant from 10% Ca and -Ca cuttings (Fig. 13E).  Molybdenum 

concentrations during harvest 2 were higher (P = 0.0173) in 10% Ca cuttings than in control 

cuttings (Fig. 14E). 

Expt. 4 Boron and calcium deficiency.  Cutting survival and quality. Survival of cuttings 

was affected by nutrient regime.  All cuttings which received the control or the 10% B & Ca 

solution survived in both harvest 1 and 2; however, only 56.25% of the cuttings receiving the 

-B & Ca solution survived in harvest 1 (data not presented).  There was an interaction 

between nutrient regime and rooting stage during harvest 1 and 2 (P < 0.0001, = 0.0038, 

respectively).  The visual quality of control cuttings exceeded the visual quality of -B & Ca 

cuttings.  Cuttings which received the -B & Ca solution during harvest 1 and those which 

received the 10% B & Ca solution during harvest 2 declined in visual quality as rooting stage 
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progressed (Fig. 15A-B).  During harvest 1, SPAD ratings of control cuttings or 10% B & Ca 

cuttings were 22.3% or 21.4 % higher, respectively, than SPAD ratings of -B & Ca cuttings.  

During harvest 2, SPAD ratings of control cuttings were 23.6% higher than SPAD ratings of 

10% B & Ca cuttings (Table 5).  These rating indicate that leaf yellowing is greater in 

cuttings receiving less B & Ca. 

 Growth. The shoot dry weight of cuttings receiving the -B & Ca solution was 34.7% 

or 33% lower than the shoot dry weight of cuttings receiving the control or 10% B & Ca 

solution, respectively, during harvest 1 (Table 3). 

 Adventitious rooting.  During harvest 1, control cuttings had root ratings 10.3% or 

48.3% higher than 10% B & Ca or -B & Ca cuttings, respectively.  Control cuttings had a 

root rating 27% higher than 10% B & Ca cuttings during harvest 2.  Root ratings increased as 

rooting stage progressed during harvests 1 and 2 (P < 0.0001, 0.0007, respectively) (Table 5).  

The formation of callus cells on cuttings was affected by nutrient regime.  All cuttings which 

received the control solution formed callus in both harvest 1 and 2. However, 96.83% and 

95.24% of the cuttings receiving the 10% B & Ca solution formed callus during harvest 1 

and 2, respectively, and 80.56% of the cuttings receiving the -B & Ca solution formed callus 

during harvest 1 (data not presented). 

 Control cuttings had 82.4% more roots than -B & Ca cuttings during harvest 1 and 

105.8% more roots than 10% B & Ca cuttings during harvest 2.  The number of roots 

increased as rooting stage progressed during harvests 1 and 2 (P < 0.0001, <0.0001, 

respectively) (Table 5).  Root dry weight was not affected by nutrient regime during harvest 
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1. Control cuttings had 105.8% more roots than 10% B & Ca cuttings during harvest 2 (Table 

3).  Root length at was not affected by nutrient regime during either harvest (Table 3). 

 Foliar nutrient analysis.  There was an interaction between nutrient regime and 

rooting stage ion N concentration in both harvest 1 and 2 (P < 0.0001, = 0.0025, 

respectively).  During harvest 1, N concentration was higher in control (3.95%) and 10% B & 

Ca (3.90%) cuttings than in -B & Ca cuttings (3.16%) at 0 d (Fig. 16A).  Nitrogen 

concentration declined as rooting stage progressed in all nutrient regimes during both 

harvests (Fig. 16A and 17A).  Concentration of P declined as rooting stage progressed during 

both harvest 1 and 2 (P < 0.0001, < 0.0001, respectively) (Fig. 16B and 17B).  Phosphorus 

concentration was higher in control (0.60%) cuttings than in than in 10% B & Ca (0.56%) 

and -B & Ca (0.55%) cuttings during harvest 1 (Fig. 16B).  Potassium concentration declined 

as rooting stage progressed in all nutrient regimes during both harvests (Fig. 16C and 17C).  

During harvest 1, K concentration was significantly higher in 10% B & Ca (3.47%) cuttings 

than in control (3.02%) and -B& Ca (3.22%) cuttings (Fig. 16C). 

 There was an interaction between nutrient regime and rooting stage during harvest 1 

and 2 (P = 0.0002, < 0.0001, respectively).  Calcium concentrations in control cuttings 

exceeded concentrations in 10% B & Ca and -B & Ca cuttings during both harvests.  The Ca 

concentrations in control and 10% B & Ca cuttings declined as rooting stage progressed, 

whereas the concentration in -B & Ca cuttings remained stable (Fig. 16D and 17D).  There 

was an interaction between nutrient regime and rooting stage on Mg concentrations during 

harvest 1 and 2 (P = 0.0063, < 0.0001, respectively).  Cuttings grown with the control 

solutions had lower Mg concentrations than cuttings grown with the 10% B & Ca or -B & Ca 
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solution, with the exception of 16 d during harvest 2.  The Mg concentration in all cuttings 

declined as rooting stage progressed, regardless of Mg concentration (Fig. 16E and 17E).  

Sulfur concentration was higher in control (0.27%) cuttings than in 10% B & Ca (0.23%) or -

B & Ca (0.23%) cuttings and peaked at 24 d during harvest 1 (Fig. 16F).  There was an 

interaction between nutrient regime and rooting stage (P = 0.0047) on S concentration during 

harvest 2.  The S concentrations in control and 10% B & Ca cuttings declined as rooting 

stage progressed and was highest in control cuttings between 0 and 21 d (Fig. 17F). 

 There was an interaction between nutrient regime and rooting stage (P < 0.0001) on B 

concentration during harvest 1. Concentrations of B were highest in control cuttings during 

both harvests.  Boron concentration increased between 24 and 28 d during harvest 1; 

however, concentrations decreased as rooting stage progressed during harvest 2 (Fig. 18A 

and 19A).  There was an interaction between nutrient regime and rooting stage (P < 0.0001) 

on Cu concentration in harvest 1.  Copper concentration was highest in control cuttings at 0 

d, but declined to a concentration non-significant from 10% B & Ca and –B & Ca cuttings by 

16 d (Fig. 18B).  Copper concentrations during harvest 2 were significantly (P=<0.0001) 

higher in control cuttings than in 10% B & Ca cuttings (Fig. 19B).  There was no significant 

effect of nutrient regime or rooting stage on Fe levels during harvest 1 or 2 (Fig. 18C and 

19C). 

 There was an interaction between nutrient regime and rooting stage on Mn 

concentrations during harvest 1 and 2 (P < 0.0001, 0.0001, respectively).  Manganese 

concentration declined as rooting stage progressed in control and 10% B & Ca cuttings.  The 

greatest Mn concentration was in 10% B & Ca cuttings during harvest 1; however, this was 
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only significant at 0 d during harvest 2 (Fig. 18D & 19D).    There were interactions between 

nutrient regime and rooting stage on Mo and Zn concentrations (P = 0.0124, 0.0317, 

respectively) during harvest 1.  Cuttings grown with the control or 10% B & Ca solutions 

declined in both Mo and Zn concentrations as rooting stage progressed (Fig. 18E-F and 19E-

F).  Cuttings grown with the -B & Ca solution declined in Zn concentration between 16 and 

21 d (Fig. 18F).  Molybdenum concentrations during harvest 2 declined between 0 and 16 d 

and again between 21 and 24 d (Fig. 19E).  Zinc concentrations were significantly in control 

cuttings (30.24 mg·kg-1) than in 10% B & Ca cuttings (22.86 mg·kg-1) and declined as 

rooting stage progressed during harvest 2 (Fig. 19F). 

 

Discussion 

 We examined the effects of B, Ca, and Fe deficiencies and the interaction of B and Ca 

deficiencies during initiation, expression, and root growth in zonal geranium.  While most 

variables declined between harvest 1 and 2, SPAD ratings and some nutrient concentrations 

increased.  Cuttings used during the second harvest were younger with smaller, less 

expanded leaves than cuttings used in the second harvest.  SPAD ratings were higher in the 

control cuttings during the second harvest, possibly due to a higher concentration of 

chlorophyll per leaf area (Yang et al., 2014).  Nitrogen, P, Mg, Cu, Fe, and Mn 

concentrations were higher during the second harvest in some instances.  Boron 

concentrations were higher during the second harvest in experiments 2, 3, and 4 in all 

nutrient regimes.  It is possible that these nutrient levels were higher due to the tissue levels 

being diluted in the larger-sized leaves of harvest 1 (Rueter and Robinson, 1997). 
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Most nutrients declined in all experiments as rooting progressed.  Nutrient loss during 

propagation may be caused by foliar leaching or dilution (Good and Tukey, 1966; Good and 

Tukey, 1967; Svenson and Davies, 1995).  Nutrients may be diluted by redistribution for new 

growth, increases in dry weight, or to overcome deficiencies in the root zone (Good and 

Tukey, 1966; Haissig, 1986; Morton and Boodley, 1969).  However, both mobile and 

immobile nutrients declined during these experiments; therefore, redistribution is unlikely.  

Dilution is the most probable cause to explain the decline in tissue nutrient concentration.  

Similar results were reported in chrysanthemum, New Guinea impatiens, petunia (Petunia x 

hybrida Vilm.), and poinsettia cuttings (Good and Tukey, 1967; Gibson, 2003; Santos et al., 

2011; Svenson and Davies, 1995). 

 The results from expt. 1 do not provide evidence that Fe is involved in the 

adventitious root formation process in zonal geranium.  Although Fe is needed in peroxidases 

involved in auxin catabolism and, therefore, is thought to have a positive effect on the auxin 

response in adventitious rooting (Schwambach et al., 2005), the data does not support an Fe 

response.  Similar results were reported by Gibson (2003) in the adventitious rooting of 

strawflower [Helichrysum bracteatum (Vent.) Andr.].  In addition, Fe concentration was non-

significant in experiments 3 and 4, providing further support that it does not affect the 

adventitious rooting process in zonal geranium. 

 Cutting growth and adventitious rooting were severely affected by the absence of B 

and/or Ca.  The absence of B and/or Ca greatly reduced the survival of cuttings, likely due to 

the importance of these nutrients to cell wall formation (Marschner, 1995).  Tissues collapsed 

and became necrotic and susceptible to pathogens in cuttings deficient in B and/or Ca. 



 

138 

Gibson (2003) reported the development of shoot tip necrosis in cuttings of strawflower in 

the absence of B and Ca. 

 A reduction in shoot and/or root dry weight in -B, -Ca, and -B & Ca cuttings 

compared to other cuttings indicates the necessity of B and Ca for cell growth, similar to 

results of other studies on B or Ca deficiency.  Intact plant growth in sunflower (Helianthus 

annuus L.) hypocotyl cuttings was rapidly inhibited in the absence of B (Josten and 

Kutschera, 1999), suggesting the requirement of B for the maintenance of cell division and/or 

cell elongation (Li et al., 2009).  Sorokin and Sommer (1940) reported abnormal growth of 

pea (Pisum sativum L.) roots in Ca deficient solutions, suggesting the requirement of Ca for 

the maintenance of cell division and elongation (Li et al., 2009; Marschner, 1995). 

 The absence of B and/or Ca slowed rooting and reduced root numbers in cuttings 

deprived of these nutrients as compared to non-deficient cuttings.  Similar results have been 

reported in other studies.  Adventitious roots in sunflower hypocotyl cuttings were not 

formed in the absence of B (Josten and Kutschera, 1999).  Ivy geraniums [Pelargonium 

peltatum (L.) L’Her] grown in Ca deficient solutions failed to initiate root primordia 

(Mikesell, 1992).  Rooting percentage in in vitro poplar (Populus tremula L. × P. tremuloides 

Michx.) shoots was reduced from 97% to 42% when media Ca was excluded during the late 

stage of root formation and when Ca chelators and Ca channel blockers were applied 

(Bellamine et al., 1998).   

 Root rating and root number were typically greatest in control cuttings and least in -

B, -Ca, or -B & Ca cuttings.  This indicates the possibility of a dose-dependent response to B 

and Ca concentrations in zonal geranium similar to the dose-dependent response of 
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adventitious rooting in marigold hypocotyls supplied exogenous Ca2+ (Lioa et al., 2012).  

The results of these experiments indicate that B and Ca are essential to the adventitious 

rooting of zonal geranium and should be applied to the stock plant at recommended 

concentrations. 
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Table 1. Pelargonium × hortorum 'Tango Neon Purple' visual quality ratings, SPAD 

ratings, root ratings, and root counts as affected by nutrient regime (complete nutrient 

solution or nutrient solutions with either 10% or 0% Fe, but including all other 

nutrients at the same level as the complete solution) and rooting stage in time during 

expt. 1. 

Nutrient Regime   

Visual 

qualityz 

SPAD 

rating 

Root 

ratingy Root no. 

Control   5.0 ax 57.60 a 4.9 a 12.2 a 

10% Fe   4.9 a 57.50 a 4.9 a 10.7 a 

-Fe   4.3 b 51.10 b 4.8 a 10.5 a 

                    

Rooting stage (d) Time                

Sticking 0 4.7 a 54.50 a ---   ---   

Initiation 16 4.7 a 54.80 a 4.5 b 8.4 b 

Expression 21 4.8 a 56.70 a 5.0 a 10.8 ab 

Root growth 24 4.7 a 55.40 a 5.0 a 12.4 a 

Fully rooted 28 4.6 a 55.60 a 5.0 a 12.9 a 

                    

Nutrient regimew   ***   ***   NS   NS   

Time   NS   NS   ***   ***   

Nutrient regime*time NS   NS   NS   NS   
zVisual quality where 1= 76% to 100%, 3= 26% to 50%, 5= 0% combined damage 

from chlorosis, necrosis, and/or leaf abscission. 
yRoot rating where 0 = no callus or visible root activity, 1 = undifferentiated cell 

division, 2 = organized root initials (primordia), 3 = primordia elongation and visible 

root emergence, 4 = emerged primary roots >5 mm, 5 = lateral roots. 
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Table 2. Pelargonium × hortorum 'Tango Neon Purple' SPAD ratings, root ratings, and root counts 

as affected by nutrient regime (complete nutrient solution or nutrient solutions with either 10% or 

0% B, but including all other nutrients at the same level as the complete solution) and rooting 

stage in time during expt. 2. 

Nutrient Regime 

  SPAD rating 

Root 

ratingy Root no. 

Harvest 1 2 2 1 2 

Control   54.40 az 60.08 a 4.7 a 10.8 a 10.7 a 

10% B   55.17 a 61.82 a 4.6 ab 10.9 a 9.8 a 

-B   42.91 b 38.42 b 4.1 b 6.8 b 5.6 b 

                        

Rooting stage (d) Time                      

Sticking 0 53.96 a 54.70 a ---   ---   ---   

Initiation 16 51.03 a 51.86 a 3.5 b 5.7 c 4.5 c 

Expression 21 53.63 a 51.00 a 4.7 a 9.4 b 8.0 b 

Root growth 24 47.17 b 55.53 a 4.8 a 10.1 ab 10.9 ab 

Fully rooted 28 47.43 b 54.11 a 4.8 a 12.8 a 11.4 a 

                        

Nutrient regimex   ***   ***   *   ***   ***   

Time   ***   NS   ***   ***   ***   

Nutrient regime*time NS   NS   NS   NS   NS   

zMeans followed by the same letter are not significantly different according to Tukey's honestly  

significant difference test. 
yRoot rating where 0 = no callus or visible root activity, 1 = undifferentiated cell division, 2 = 

organized root initials (primordia), 3 = primordia elongation and visible root emergence, 4 = 

emerged primary roots >5 mm, 5 = lateral roots. 
xNS, *, **, or ***, nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, respectively. 
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Table 3. Pelargonium × hortorum 'Tango Neon Purple' shoot dry weight, root dry weight, and average root 

length as affected by nutrient regime (complete nutrient solution or nutrient solutions with either 10% or 0% B, 

Ca, or B and Ca, but including all other nutrients at the same level as the complete solution) during expt. 2-4. 

  Nutrient 

regime 

  Shoot dry weight (g) Root dry weight (g) Root length (mm) 

  Harvest 1 2 1 2 1 2 

Expt. 2 Control   0.458 az 0.646 b 0.081 a 0.219 a 8.35 ab 14.28 a 

  10% B   0.493 a 0.814 a 0.118 a 0.209 a 8.88 ab 10.42 a 

  -B   0.492 a 0.421 c 0.084 a 0.056 b 4.57 b 6.92 a 

  P valuey NS   ***   NS   **   *   NS   

                              

Expt. 3 Control   0.621 a 0.814 a 0.199 a 0.247 a 4.09 a 33.48 a 

  10% Ca   0.564 ab 0.407 b 0.042 b 0.041 b 1.47 b 11.50 a 

  -Ca   0.477 b ---   0.052 b ---   0.57 b ---   

  P valuey *   ***   *   *   ***   NS   

                              

Expt. 4 Control   0.438 a 0.646 a 0.119 a 0.219 a 2.92 a 14.28 a 

  10% B & Ca 0.427 a 0.544 a 0.104 a 0.100 b 1.78 a 6.29 a 

  -B & Ca 0.286 b ---   0.033 a ---   3.05 a ---   

  P valuey *   NS   NS   *   NS   NS   

zMeans followed by the same letter are not significantly different according to Tukey's honestly significant 

yNS, *, **, or ***, nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, respectively. 
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Table 4. Pelargonium × hortorum 'Tango Neon Purple' SPAD ratings, root ratings, and root counts as affected by 

nutrient regime (complete nutrient solution or nutrient solutions with either 10% or 0% Ca, but including all 

other nutrients at the same level as the complete solution) and rooting stage in time during expt. 3. 

Nutrient Regime 

  

Visual qualityz 

SPAD 

rating Root ratingy Root no.   

Harvest 1 2 2 1 2 1 

Control   4.9 ax 4.9 a 60.46 a 4.4 a 4.7 a 9.6 a 

10% Ca   4.8 a 4.1 b 47.05 b 3.4 b 3.4 b 5.4 b 

-Ca   4.4 b ---   ---   2.5 c ---   3.1 b 

                            

Rooting stage (d) Time                          

Sticking 0 4.8 ab 4.8 a 54.45 a ---   ---   ---   

Initiation 16 4.9 ab 4.5 ab 53.18 a 2.6 c 3.5 b 2.4 c 

Expression 21 4.7 abc 4.7 ab 55.19 a 3.1 bc 4.1 ab 5.6 b 

Root growth 24 4.6 bc 4.3 b 52.85 a 3.8 ab 3.9 ab 6.9 ab 

Fully rooted 28 4.5 c 4.3 b 53.10 a 4.2 a 4.7 a 9.2 a 

                            

Nutrient regimew 

 

***   ***   ***   ***   ***   ***   

Time   ***   **   NS   ***   **   ***   

Nutrient regime*time NS   NS   NS   NS   NS   NS   

zVisual quality where 1= 76% to 100%, 3= 26% to 50%, 5= 0% combined damage from chlorosis, 

 necrosis, and/or leaf abscission. 

yRoot rating where 0 = no callus or visible root activity, 1 = undifferentiated cell division, 2 = organized root 

initials (primordia), 3 = primordia elongation and visible root emergence, 4 = emerged primary roots >5 mm, 5 = 

lateral roots. 

xMeans followed by the same letter are not significantly different according to Tukey's honestly  

significant difference test. 

wNS, *, **, or ***, nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, respectively. 
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Table 5. Pelargonium × hortorum 'Tango Neon Purple' SPAD ratings, root ratings, and root counts 

as affected by nutrient regime (complete nutrient solution or nutrient solutions with either 10% or 

0% B and Ca, but including all other nutrients at the same level as the complete solution) and 

rooting stage in time during expt. 4. 

Nutrient Regime  

SPAD rating Root ratingy Root no. 

Harvest 1 2 1 2 1 2 

Control 

 

51.38 az 60.08 a 4.3 a 4.7 a 9.3 a 10.7 a 

10% B & Ca 

 

50.99 a 48.61 b 3.9 b 3.7 b 7.4 ab 5.2 b 

-B & Ca 
 

42.01 b --- 

 

2.9 c --- 

 

5.1 b --- 

 
  

            Rooting stage (d) Time 

            Sticking 0 49.41 ab 53.84 a --- 

 

--- 

 

--- 

 

--- 

 Initiation 16 46.64 ab 53.69 a 2.7 c 3.7 b 1.4 c 4.1 c 

Expression 21 44.93 b 58.16 a 3.6 b 4.1 ab 6.6 b 7.6 b 

Root growth 24 46.02 ab 60.17 a 4.0 ab 4.3 ab 9.4 ab 9.1 ab 

Fully rooted 28 53.62 a 54.76 a 4.5 a 4.7 a 11.7 a 11.0 a 

  
            Nutrient regimex 

 
*** 

 

*** 

 

*** 

 

*** 

 

** 

 

*** 

 Time 

 

* 

 

NS 

 

*** 

 

*** 

 

*** 

 

*** 

 Nutrient regime*time NS 

 

NS 

 

NS 

 

NS 

 

NS 

 

NS 

 zMeans followed by the same letter are not significantly different according to Tukey's honestly 

significant difference test. 
yRoot rating where 0 = no callus or visible root activity, 1 = undifferentiated cell division, 2 = 

organized root initials (primordia), 3 = primordia elongation and visible root emergence, 4 = 

emerged primary roots >5 mm, 5 = lateral roots. 

xNS, *, **, or ***, nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, respectively. 
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Time (d) 

Fig. 1. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% Fe, but including all other nutrients at the same level as the complete solution) × 

rooting stage in time on shoot macronutrient concentration in Pelargonium × hortorum 

'Tango Dark Red' during expt. 1.  Vertical bars represent ± SE.  HSD0.05 for significant 

interactions is 0.47 for A. HSD = honestly significant difference. 
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Time (d) 

Fig. 2. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% Fe, but including all other nutrients at the same level as the complete solution) × 

rooting stage in time on shoot micronutrient concentration in Pelargonium × hortorum 

'Tango Dark Red' during expt.1.  Vertical bars represent ± SE.  HSD0.05 for significant 

interactions are 1.62, 36.13, 38.23, and 0.44 for B, C, D and E, respectively. HSD = honestly 

significant difference. 
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Time (d) 

Fig. 3. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% B, but including all other nutrients at the same level as the complete solution) × 

rooting stage in time on visual quality during expt. 2, harvest 1 (A) and harvest 2 (B) in 

Pelargonium × hortorum 'Tango Neon Purple'.  Visual quality where 1= 76% to 100%, 3= 

26% to 50%, 5= 0% combined damage from chlorosis, necrosis, and/or leaf abscission. 

Vertical bars represent ± SE.  HSD0.05 for significant interactions are 0.8 and 0.8 for A and B, 

respectively. HSD = honestly significant difference. 
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Time (d) 

Fig. 4. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% B, but including all other nutrients at the same level as the complete solution) × 

rooting stage in time on root ratings during expt. 2, harvest 1 in Pelargonium × hortorum 

'Tango Neon Purple'.  Root rating where 0 = no callus or visible root activity, 1 = 

undifferentiated cell division, 2 = organized root initials (primordia), 3 = primordia 

elongation and visible root emergence, 4 = emerged primary roots >5 mm, 5 = lateral roots.  

Vertical bars represent ± SE.  HSD0.05 for significant interaction is 0.9. HSD = honestly 

significant difference. 
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Fig. 5. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% B, but including all other nutrients at the same level as the complete solution) × 

rooting stage in time on shoot macronutrient concentration in Pelargonium × hortorum 

'Tango Neon Purple' during expt. 2, harvest 1.  Vertical bars represent ± SE.  HSD0.05 for 

significant interactions are 0.68 and 0.05 for A and E, respectively. HSD = honestly 

significant difference. 
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                                                                                    Time (d) 

Fig. 6. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% B, but including all other nutrients at the same level as the complete solution) × 

rooting stage in time on shoot macronutrient concentration in Pelargonium × hortorum 

'Tango Neon Purple' during expt. 2, harvest 2.  Vertical bars represent ± SE.  HSD0.05 for 

significant interactions are 0.71, 0.12, 0.05 and 0.05 for A, B, E and F, respectively. HSD = 

honestly significant difference. 
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Time (d) 

Fig. 7. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% B, but including all other nutrients at the same level as the complete solution) × 

rooting stage in time on shoot micronutrient concentration in Pelargonium × hortorum 

'Tango Neon Purple' during expt. 2, harvest 1.  Vertical bars represent ± SE.  HSD0.05 for 

significant interactions are 13.66 and 29.14 for A and B, respectively. HSD = honestly 

significant difference. 
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Fig. 8. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% B, but including all other nutrients at the same level as the complete solution) × 

rooting stage in time on shoot micronutrient concentration in Pelargonium × hortorum 

'Tango Neon Purple' during expt. 2, harvest 2.  Vertical bars represent ± SE.  HSD0.05 for 

significant interactions is 5.45 for A. HSD = honestly significant difference. 
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Time (d) 

Fig. 9. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% Ca, but including all other nutrients at the same level as the complete solution) × 

rooting stage in time on SPAD ratings during expt. 3, harvest 1 in Pelargonium × hortorum 

'Tango Neon Purple'.  Vertical bars represent ± SE.  HSD0.05 for significant interaction is 

5.54. HSD = honestly significant difference. 
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Time (d) 

Fig. 10. Effect of nutrient regime (complete nutrient solution or nutrient solution with 10% 

Ca, but including all other nutrients at the same level as the complete solution) × rooting 

stage in time on root count during expt. 3, harvest 2 in Pelargonium × hortorum 'Tango Neon 

Purple'.  Vertical bars represent ± SE.  HSD0.05 for significant interaction is 6.0. HSD = 

honestly significant difference. 
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Time (d) 

Fig. 11. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% Ca, but including all other nutrients at the same level as the complete solution) × 

rooting stage in time on shoot macronutrient concentration in Pelargonium × hortorum 

'Tango Neon Purple' during expt. 3, harvest 1.  Vertical bars represent ± SE.  HSD0.05 for 

significant interactions are 0.46, 0.12, 0.22, 0.07 and 0.03 for A, B, D, E and F, respectively. 

HSD = honestly significant difference. 
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Time (d) 

Fig. 12. Effect of nutrient regime (complete nutrient solution or nutrient solution with 10% 

Ca, but including all other nutrients at the same level as the complete solution) × rooting 

stage in time on shoot macronutrient concentration in Pelargonium × hortorum 'Tango Neon 

Purple' during expt. 3, harvest 2.  Vertical bars represent ± SE.  HSD0.05 for significant 

interactions are 0.56, 0.11, 0.58, 0.29 and 0.04 for A, B, C, D, and F, respectively. HSD = 

honestly significant difference. 
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        Time (d) 

Fig. 13. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% Ca, but including all other nutrients at the same level as the complete solution) × 

rooting stage in time on shoot micronutrient concentration in Pelargonium × hortorum 

'Tango Neon Purple' during expt. 3, harvest 1.  Vertical bars represent ± SE.  HSD0.05 for 

significant interactions are 12.37, 39.54, 0.57 and 7.71 for A, D, E and F, respectively. HSD 

= honestly significant difference. 
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Fig. 14. Effect of nutrient regime (complete nutrient solution or nutrient solution with 10% 

Ca, but including all other nutrients at the same level as the complete solution) × rooting 

stage in time on shoot micronutrient concentration in Pelargonium × hortorum 'Tango Neon 

Purple' during expt. 3, harvest 2.  Vertical bars represent ± SE.  HSD0.05 for significant 

interactions are 6.23, 2.17 and 8.03 for A, B and E, respectively. HSD = honestly significant 

difference. 
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Fig. 15. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% B and Ca, but including all other nutrients at the same level as the complete 

solution) × rooting stage in time on visual quality during expt. 4, harvest 1 (A) and harvest 2 

(B) in Pelargonium × hortorum 'Tango Neon Purple'.  Visual quality where 1= 76% to 100%, 

3= 26% to 50%, 5= 0% combined damage from chlorosis, necrosis, and/or leaf abscission. 

Vertical bars represent ± SE.  HSD0.05 for significant interactions are 0.9 and 0.6 for A and B, 

respectively. HSD = honestly significant difference. 
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Time (d) 

Fig. 16. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% B and Ca, but including all other nutrients at the same level as the complete 

solution) × rooting stage in time on shoot macronutrient concentration in Pelargonium × 

hortorum 'Tango Neon Purple' during expt. 4, harvest 1.  Vertical bars represent ± SE.  

HSD0.05 for significant interactions are 0.51, 0.28, and 0.07 for A, D, and E, respectively. 

HSD = honestly significant difference. 
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                                                                                     Time (d) 

Fig. 17. Effect of nutrient regime (complete nutrient solution or nutrient solution with 10% B 

and Ca, but including all other nutrients at the same level as the complete solution) × rooting 

stage in time on shoot macronutrient concentration in Pelargonium × hortorum 'Tango Neon 

Purple' during expt. 4, harvest 2.  Vertical bars represent ± SE.  HSD0.05 for significant 

interactions are 0.40, 0.11, 0.59, 0.20, 0.04, and 0.03 for A, B, C, D, E and F, respectively. 

HSD = honestly significant difference. 
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Time (d) 

Fig. 18. Effect of nutrient regime (complete nutrient solution or nutrient solutions with either 

10% or 0% B and Ca, but including all other nutrients at the same level as the complete 

solution) × rooting stage in time on shoot micronutrient concentration in Pelargonium × 

hortorum 'Tango Neon Purple' during expt. 4, harvest 1.  Vertical bars represent ± SE.  

HSD0.05 for significant interactions are 5.45, 8.85, 40.12, 0.65 and 19.80 for A, B, D, E and F, 

respectively. HSD = honestly significant difference. 
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Time (d) 

Fig. 19. Effect of nutrient regime (complete nutrient solution or nutrient solution with 10% B 

and Ca, but including all other nutrients at the same level as the complete solution) × rooting 

stage in time on shoot micronutrient concentration in Pelargonium × hortorum 'Tango Neon 

Purple' during ext. 4, harvest 2.  Vertical bars represent ± SE.  HSD0.05 for significant 

interactions is 27.71 for D. HSD = honestly significant difference. 
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APPENDIX A. Cutting Visual Quality Rating Scale Images 

 

Fig. 1. Cutting visual quality rating of 5 = no damage from chlorosis, necrosis, and/or leaf 

abscission. 

 

 

 

Fig. 2. Cutting visual quality rating of 4 = 1% to 25% combined damage from chlorosis, 

necrosis, and/or leaf abscission. 
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Fig. 3. Cutting visual quality rating of 3 = 26% to 50% combined damage from chlorosis, 

necrosis, and/or leaf abscission. 

 

 

 

Fig. 4. Cutting visual quality rating of 2 = 51% to 75% combined damage from chlorosis, 

necrosis, and/or leaf abscission. 
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APPENDIX B. Adventitious Root Formation Rating Scale Images 

 

Fig. 1. Adventitious root formation rating of 0=no callus or visible root activity. 

 

 

 

Fig. 2. Adventitious root formation rating of 1 = undifferentiated cell division prior to 

organized root formation. 
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Fig. 3. Adventitious root formation rating of 2 = organized subcutaneous root initials 

(primordia). 
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Fig. 4. Adventitious root formation rating of 3 = primordia elongation and visible root 

emergence beyond the epidermis. 
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Fig. 5. Adventitious root formation rating of 4 =emerged primary roots >5 mm. 

 

 

 

Fig. 6. Adventitious root formation rating of 5 = lateral roots. 


