
ABSTRACT 

SHI, XIAONAN. Impact of Stolon Removal Intervals and Nitrogen Source Ratios on 

propagation of Long-day Strawberries (Fragaria ×ananassa ‘Albion’) in Soil-less Greenhouse 

and Controlled Environment Systems. (Under the direction of Dr. Mark Hoffmann and Dr. Gina 

Fernandez). 

 

Approximately two billion strawberry plants (Fragaria ×ananassa Duch.) are asexually 

propagated in strawberry nurseries in the US every year and shipped to strawberry fruiting fields 

across North America. North Carolina has the second largest strawberry nursery industry in the 

country, selling plants mostly to Florida strawberry growers. Strawberry nurseries are multi-year 

and multi-location operations, and strawberry plants are replicated through several generations 

among different propagation fields to reach to a multiply ratio of more than 100,000 to 1.  The 

final generation of daughter plants is subjected to floral inductive conditions, often in special 

high elevation locations in North Carolina and California. Plants are often sold as bare-roots and 

shipped to growers across North America. Strawberry cultivars with perpetual flowering traits 

(referred to as “long-day” cultivars) produce daughter plants and flowers at the same time. While 

this feature is desirable in several strawberry growing regions as well as extended season 

production in NC, manual flower elimination and insufficient daughter plant production are 

major additionally cost-inducing factors for the U.S. strawberry nursery industry. However, 

optimizing nursery production practices rarely was the focus of past research efforts.  

NC strawberry growers additionally rely on plug plants, which are developed from 

daughter plants in substrate filled trays. The development from daughter plant to plug plant 

usually takes 5 weeks, hindering earlier or more flexible planting dates in many cases.  

Daughter plants are harvested through removing stolons from mother plants. Daughter 

plant production is the outcome of axillary bud differentiation and might be influenced by 



morphological interference of stolon removal. Differences in nitrate and ammonium ratios could 

also have impacts on vegetative and reproductive growth of strawberry plants. 

In this dissertation, we tested three hypotheses: (1) increasing stolon removal interval 

stimulates the daughter plant production and alters the daughter plant quality; (2) increasing 

ammonium percentage hinders the flower formation and improves daughter plant production and 

(3) foliar treatment of plug plants with protein-hydrolysate will increase root growth. Our 

objectives were to assess (1) the effect of stolon removal intervals and (2) the impact of four 

nitrate: ammonium ratios on flower and daughter plant production in long-day strawberry 

(Fragaria ×ananassa  ‘Albion’); (3) to assess the impact of foliar applications of protein 

hydrolysate on plug plant root growth. For objective (1), strawberry plants were grown under 

controlled environment in soilless media (coconut : perlite 50:50) in a randomized block design 

(3 replicates, 4 plants per replicate, 26℃, 507 𝜇mol • m-2 • s-1 PPFD, 14h/10h D/N cycle). 

Stolons were harvested at 7 day and 21day intervals, and once after 63 days. Plants harvested 

after 63 days produced significantly more daughter plants per plant (102 per plant), compared to 

33 daughter plants in 21-day harvests (P<0.001). For objective (2), strawberry plants were grown 

under greenhouse conditions in soilless media (coconut : perlite 50:50) in a randomized block 

design (3 replicates, 4 plants per replicate). Following treatments were established (NO3- : NH4+ 

ratio): 100% : 0%; 80% : 20%; 60% : 40%; 50% : 50% (modified Yamazaki solution at 6 mol/L 

nitrogen/day; 16h/8h D/N cycle; 16 weeks). Plants treated with a 60-40 (NO3- - NH4+) nutrient 

solution had significantly less number flowers, compared to the 80-20 and 100-0 treatments 

while producing the same amount of daughter plants. Our results indicate that propagation and 

flowering rates of long-day strawberry cultivars can be optimized by the manipulation of harvest 

and fertilization techniques. 



To investigate objective (3), two trials of foliar spray of Protein Hydrolysates (PH) were 

conducted on plug plants to study the impact of PH on root development during early 

establishment in the greenhouse (5 treatments, 10 plants per treatment, 2 replicates). The results 

PH increases the root length of plug plants through foliar application.   
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CHAPTER 1 

Stolon Removal Interval Alters Asexual Reproduction in Long-day 

Strawberry (Fragaria ×ananassa ‘Albion’) under Controlled 

Environments 

 

1. Introduction  

Strawberry (Fragaria spec.)  is an herbaceous perennial plant in the Rosaceae family. 

Cultivated strawberry plants (Fragaria ×ananassa Duch.) are genetic hybrids, that can be 

classified in seasonal-bearing (‘short-day’) and ever-bearing (‘long-day’) cultivars (Heide et al., 

2013). All strawberry cultivars can sexually (flower/fruit) and asexually reproduce. Asexual 

reproduction takes place through the generation of aerial stolons (“runners”), which contain 

daughter plants on every other node. Daughter plants are new leaf rosettes with developing small 

roots, that can develop into mature strawberry plants (Darrow 1966; Guttridge 1977). The 

productivity of strawberry asexual reproduction relies on the differentiation of the strawberry 

axillary meristem (AXM) (Tenreira et al., 2017; Hytönen et al., 2009). In both short-day and 

long-day strawberry cultivars, once the terminal inflorescence is formed at the shoot apical 

meristem,  the axillary bud (AXB) breaks its dormancy and  develops into either a branch crown 

(new compressed shoot section with similar behavior as primary crown) or stolon (elongated 

shoot with daughter plants) (Guttridge, 1955). Additionally, the AXB also has potential of 

developing into an inflorescence in long-day cultivars (Costes et al., 2014; Durner 2018). The 

fate of the differentiation of the axillary meristem is regulated by external and endogenous 

factors, such as temperature, photoperiod, nitrogen and the hormone Gibberellin (Sato and Mori, 
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2001; Konsin et al., 2001; Hytönen et al., 2004; Black 2004). Generally, the outgrowth and 

dormancy of AXB are controlled by apical dominance associated with a series of plant hormones 

ratios (Cline, 1997; Müller 2011). In strawberry species, altering plant morphology has an impact 

on bud development (Miguel et al., 1998; Sugiyama et al., 2004; Hughes et al. 2017). For 

example, Sugiyama et al. 2004 investigated the effects of removing apices on the development of 

branch crowns in two strawberry cultivars. Their results indicated that the inhibitory effects of 

apical dominance on the growth of axillary buds. 

U.S. and Canadian based strawberry nurseries play a crucial role in the North American 

strawberry producing industry, serving a demand of more than 1 billion healthy strawberry plants 

every year. Cultivated strawberry plants (Fragaria ×ananassa Duch) are commercially 

propagated by asexual reproduction and propagation rates of 1 : 100,000 or more need to be 

achieved to make a strawberry nursery cost-effective. To achieve profitable commercial daughter 

plant production, the North American strawberry propagation industry usually starts with virus-

free tissue culture material and multiplies through several generations. Before plants are sold to 

fruit producers a multi-year process takes place over multiple sites within a nursery operation 

seeking for favorable environments for daughter plant production. This process is very cost- and 

time intensive, causing increased costs for multiple sites, higher transportation costs and 

increased labor.   

Long-day strawberry cultivars are less responsive to temperature and photoperiod, and 

often initiate flowers and stolons under a wide range of photoperiod conditions and temperature 

conditions (Castro et al., 2015). While the perpetual flowering traits of long-day strawberry 

cultivars bring benefits to strawberry producers by extended fruit production seasons, continuous 

flowering initiates several problems in nursery operations. For example, (1) Long-day cultivars 
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usually produce less stolon and daughter plant than short-day cultivars (Durner et al., 1984). (2) 

Simultaneous presence of flower and daughter plant requires extra labor to remove flowers to 

mitigate disease contraction in strawberry nursery fields. Widely adopted industry methods to 

manipulate and improve propagation rates are not developed as of yet. The strawberry nursery 

implements various practice based on the to-be-sold plant materials (bare-rooted fresh plants, 

bare-rooted frigo plants, and plug plants, etc.) and the nursery location.    

The fate of all meristems represents the spatial relationship between different organs 

along certain period of time in strawberries (Massetani et al., 2011). Reporting and studying the 

dynamic plant architecture, especially associated with meristem differentiation helps understand 

plant growth behavior in the nursery field (Savini and Neri 2004). In the early studies, 

defoliation stimulates shoot formation (Guttridge et al. 1960; Lyu et al., 2014) and stolon 

removal stimulates branch crown development (Hancock 1999). However, it is especially 

unclear how stolon removal can alter the asexual reproductive response of strawberry cultivars. 

The objective of this study was to investigate the impact of three different time intervals of 

stolon removal on daughter plant development in the long-day strawberry cultivar F. ×ananassa. 

‘Albion’. To standardize the impact of environmental factors, we conducted a replicated study in 

a fully controlled environment setup. 

 

2. Material and methods 

2.1 Experimental Design and Growing Condition 

The experiment was conducted under controlled environment conditions in a growth 

chamber from 14 Aug 2019 to 6 Nov 2019 at the North Carolina State University Phytotron (9 

m2, chamber A18; https://phytotron.ncsu.edu/). Growth chamber environmental parameters are 
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shown in Table 1. Plants were grown in gutters under a fully automated watering and fertilization 

system. The treatments were three stolon removal intervals in a randomized complete block 

design (3 replicates per treatment, 4 plants per replicate): (1) every 7 days (9 harvest intervals) 

(2) every 21 days (3 harvest intervals) (3) Removed once after 63 days of growth. The 7-day and 

21-day treatments started 3 weeks and 5 weeks, respectively after the plants were placed in the 

chamber. At the eleventh week, the experiment was terminated, and all stolons were harvested in 

treatment 3 (63-days).  Experiments were conducted with the long-day strawberry cultivar F. 

×ananassa ‘Albion’.  Border plants were installed between replicates.  

Instruments controlled temperature, relative humidity (Sensirion SHT75, Sensirion, 

Laubisruetistrasse 50, 8712 Staefa ZH, Switzerland) and carbon dioxide (Vaisala CARBOCAP, 

Vaisala, P.O. Box 26m FI-00421 Helsinki, Finland) in the chamber. Light intensity was 

measured by quantum sensor meter (MQ-200, Apogee Instrument, Inc, UT, USA) at the top of 

the canopy in each replicate center. Additionally, nine fine-wire thermocouples (Type T, gauge 

24, Omega Inc., Stamford, CT, USA) were positioned above the canopy (one per replicate) to 

measure the canopy temperature. Environmental data were recorded every five minutes using a 

datalogger (CR1000, Campbell Scientific, Logan, UT, USA) (Table 1.1). Three soil moisture 

sensors (ECH2O EC-5, METER Environment, Pullman, WA, USA) were inserted into three pots 

of three treatments individually to monitor the water content of the substrate and control the 

irrigation system in the chamber. A customized nutrient solution (N 7.1, P 0.7, K 3.7, Ca 1.5, Mg 

0.5, S 1.2, Mn 0.03, Zn 0.004, Cu 0.001, B 0.06 in mmol/L, Fe 2.5 mg/L) was applied to all the 

strawberry plants in the growth chamber through automatic drip-irrigation controlled by the soil 

moisture sensors. The triggering threshold of water content of substrate was set to 35%. pH, 
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electrical conductivity (EC), and percentage of drainage were monitored every other day (Table 

1.2). The nutrient solution was sampled once a month for nutrient composition tests.  

 

2.2 Material Preparation 

The strawberry plants used in this experiment were daughter plants harvested from 

strawberry stock plants (‘Albion’), growing in a growth chamber at the NC State Phytotron (16 

hours photoperiod, 30/25℃ (day/night)). The stock plants were grown in 4L pots and were 

irrigated with standard nutrient solution (N 7.6, P 0.3, K 2.8, Ca 1.4, Mg 0.5, S 0.4 in mM/L, Fe 

5 mg/L) every other day. Similar size daughter plants were harvested at the same time, stored at 

4℃ for 24h, and stuck into 24-cells trays for rooting. 24-cell trays were filled with growing 

media (33% Sunshine Redi-Earth Pro Growing Mix (Canadian Sphagnum peat moss 50-65%, 

vermiculite, dolomitic lime, 0.0001% Silicon dioxide) and 66% pea gravel. The daughter plants 

were set to root in a misting chamber with a 12 h photoperiod, 25℃  day/night for four weeks. 

The misting program operated during the day, with a routine of 10-second misting every 10 

minutes for the first two weeks, then 6 times of 30-second misting events for the rest of the 

propagation period. After 4 weeks, similar strawberry plug plants (mean + standard deviation, 

crown diameter 1.09 + 0.06 cm, number of leaves 4.6 + 0.5) were transplanted into 4L pot (50% 

coconut coir and 50% perlite). The experiment started one day one day after transplanting.  
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2.3 Parameters and Data analysis 

2.3.1  Physiological parameters 

Stolon assessment:  

The number of stolons were counted weekly in all treatments. Stolons were removed 

according to treatment schedule. Stolons were cut off from the base of the mother plant, when 

the oldest daughter plant on a stolon had at least two fully expanded leaves and visible roots 

(Figure 1.1).  Stolon length, fresh and dry weight of the 1st and 2nd internode were assessed after 

stolon removal. The length of the 1st internode was measured from the cut wound to the 1st node 

and the length of the 2nd internode was measure from the 1st node to the base of the daughter 

plant by ruler. The stolon was cut at the 1st node and the base of the daughter plant and measured 

the fresh mass of 1st and 2nd internode separately. The dry mass of first and second internode was 

obtained on a scale (Mettler PE 1600, Mettler-Toledo International Inc., Columbus, OH), after 

processed in a drying oven (31-350 Analog Bench Oven, Quincy Lab, Chicago, Il, U.S.) with air 

circulation at 80 ℃ for 48 hr.  

 

Daughter plant assessment: 

The number of daughter plants with visible roots were counted every week in all 

treatments, prior to stolon removal. After solons were removed, crown diameter, number of 

leaves (fully expanded), number of visible roots, fresh mass, and dry mass was measured for all 

daughter plants with at least two fully expanded leaves and visible roots (Figure 1.1). Crown 

diameter was measured at the widest part of the crown. Visible root initials were counted on each 

daughter plant. Fresh weight of each daughter plant was assessed after it was separated from the 

stolon (Mettler PE 1600, Mettler-Toledo International Inc., Columbus, OH, U.S.).  Each 
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daughter plant was dried for 48 hours (31-350 Analog Bench Oven, Quincy Lab, Chicago, Il, 

U.S.) at 80 ℃ and dry weights were recorded (Mettler PE 1600, Mettler-Toledo International 

Inc., Columbus, OH).  

 

Mother plant assessment:  

At the end of the experiment, two strawberry mother plants were randomly selected from 

each replicate of each treatment (2 x 3 x 3, 18 plants in total). From these plants, stolons that had 

not been harvested and dead leaves were removed. Each mother plant was assessed for the 

number of leaves, crown diameter, and dry weight of leaves, crown, and roots. The crown 

diameter was measure at the widest part of whole crown of the mother plant. The substrate was 

washed off each mother plant and it was divided into three parts: leaves, crown, and root. Each 

part of one mother plant was labeled and placed into brown paper bags that were staying in a 

drying oven with air circulation at 70 ℃ for at least 72 hours. The dry mass of three parts was 

obtained on a scale (Mettler Toledo PL1502E, Mettler-Toledo International Inc., Columbus, OH) 

separately. 

 

2.3.2 Daughter plant categorization 

To describe daughter plant quality traits, daughter plants from all treatments were 

categorized based on the parameters mentioned above (crown diameter (C), the number of fully 

expanded leaves (L), the number of visible roots (R), and dry mass(D)). Moreover, for each 

parameter, the assessed data range of daughter plants from all three treatments was divided in 

three groups: the lower 25% (l), the middle 50% (m), and the upper 25% (u) range. Data ranges 

for each parameter are shown in Table 1.3. The capital letter of parameter and lowercase letter of 
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range were combined as a class for each parameter: Cl, Cm, Cu (Crown Diameter, lower, middle, 

upper); Ll, Lm, Lu (Number of fully expanded leaves, lower, middle, upper); Rl, Rm, Ru 

(Number of visible roots, lower, middle, upper); Dl, Dm, Du (Dry mass of entire daughter plant, 

lower, middle, upper). There are 12 classes of daughter plant quality in total in this experiment. 

Each assessed daughter plant can be assigned with a class for each parameter, describing the 

characteristic of corresponded daughter plant. Four classes from four parameters individually 

were combined as a category, leading to 81 categories in total (34) (Figure 1.5). Daughter plant 

falls in a category. The percentage of daughter plants of each category was calculated in three 

treatments. To investigate the effect of stolon removal interval on the daughter plant phenology, 

selected categories with more than 10% of overall daughter plants from each treatment were 

analyzed as described below.  

 

2.3.3 Data analysis 

Stolon data analysis 

The effect of stolon removal intervals on the total number of harvested stolons was 

analyzed using a one-way ANOVA (PROC GLM, SAS software (SAS Institute Inc., Cary, NC, 

USA)) and mean separation by Fisher’s protected LSD test. The cumulative number of stolons 

was calculated from weekly counted data. Cumulative number vs. week was fitted with linear 

regression model by PROC REG procedure of SAS. The effect of stolon removal intervals on 

internode length and dry mass was analyzed with one-way ANOVA by PROC GLM procedure 

of SAS. 
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Daughter plant data analysis 

The effect of stolon removal intervals on the total number of harvested daughter plants 

was analyzed using a one-way ANOVA (PROC GLM, SAS software (SAS Institute Inc., Cary, 

NC, USA)) and mean separation by Fisher’s protected LSD test. The cumulative number of 

daughter plants was calculated using weekly. Cumulative number of daughter plants was fitted 

with a linear regression model (PROC REG, SAS software (SAS Institute Inc., Cary, NC, 

USA)).  

 A heat map of daughter plant phenology from different treatments was completed, using 

Tableau Software (Tableau Software. LLC., Seattle, WA, USA). The statistical comparison was 

conducted on percentage and amount of daughter plant within one category between three stolon 

removal intervals. The comparison was completed by PROC GLM procedure of SAS software 

(SAS Institute Inc., Cary, NC, USA) and mean separation by Fisher’s protected LSD test.  

 

Mother plant data analysis 

The effect of stolon removal intervals on mother plant dry mass partitioning was 

analyzed using a one-way ANOVA (PROC GLM, SAS (SAS Institute Inc., Cary, NC, USA)), 

followed by a mean separation (Fisher-LSD, P=0.05) 

 

3. Results 

3.1 Stolon Production 

3.1.1 Harvested amount and weekly production rate of stolons 

Stolon removal intervals significantly affected the total amount of harvested stolons per 

mother plant during eleven-week growing period (P = 0.0171). In the 7-day, 21-day, and 63-day 
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interval treatments, the mother plants produced an average of 10, 11 and 9 stolons respectively 

(Figure 1.2A). However, significant difference of stolon production was only observed between 

21-day and 63-day harvest intervals. In 7-day and 21-day treatments, the cumulative production 

of stolons followed the same linear pattern (Figure 1.2B). However, a lower the stolon 

development rate was observed for the 63-day treatment (Figure 1. 2B). 

3.1.2 Stolon Internodes Features 

Stolon removal interval treatments also affected growth of first and second stolon 

internodes. The mother plants from the 63-day treatment have significant shorter first internodes 

than all other treatments, and significant longer second internodes than the 7-day treatment 

(ANOVA, LSD, p<0.05; Table 1.4). However, the dry mass of both internodes is significantly 

lower in the 63-day treatment than in all other treatments. The dry mass of both internodes is the 

highest in the 7-day treatment. Mother plants in the 21-day treatment showed longer internodes 

than the plants of the 7-day treatment (Table 1.4).  

 

3.2 Daughter plants 

3.2.1 Cumulative and weekly production rates 

The treatments had a significant impact on the daughter plant production. The number of 

daughter plants produced per mother plant increased when increasing the stolon removal 

interval. The average daughter plants produced in the 63-day, 21-day and 7-day treatments were 

102, 33, and 16, respectively. In addition, significant differences in the cumulative numbers of 

daughter plants rate were observed between all three treatments (Figure 1.3A). Weekly daughter 

plant production developed simple linear in the 7-day and 21-day treatments, while in the 63-day 
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treatment weekly cumulative daughter plant production increases on a quadratic linear regression 

model (Figure 1.3B). 

 

2.2 Daughter plant categorization 

To assess the quality of daughter plants, all harvested daughter plants were categorized in 

four parameters (Table 1.3): the crown diameter, the number of fully expanded leaves, the 

number of roots and plant dry mass. Distribution is shown in the percentage of daughter plants in 

each category (Figure 1.5). Darker color indicates the majority of daughter plants that were 

produced in each treatment. 

All three treatments have an effect on daughter plant quality. Among the five selected 

categories (Figure 1.5 and Table 1.5), the percentage of daughter plants from each stolon 

removal interval exhibits different patterns. Mother plants from 7-day treatment produced the 

highest percentage of daughter plant in category “Cu-Lm-Rl-Dm” (17.4%) and “Cu-Lm-Rm-Du” 

(17.9%) as well as the highest number of daughter plants. In 63-day treatment, mother plants 

produced the highest percentage of daughter plant in category “Cl-Ll-Rl-Dl (10.0%)” and “Cl-

Lm-Rm-Dm (10.9%)” and the highest number of daughter plants. However, in category “Cm-

Lm-Rm-Dm”, the number of daughter plants in 63-day treatment was more than both 7-day and 

21-day treatment in spite of the percentage of daughter plants had no significant difference. 

 

3.3 Mother plant parameters  

There was no significant difference observed on the number of leaves, the crown 

diameter, and the total dry mass of total plant, leaves and crown, between the 7-day-interval and 

the 21-day-interval. The mother plants in the 63-day-interval had the lowest dry mass of leaves, 
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crown and roots among three stolon removal treatments but had the highest dry mass partitioning 

to the stolons and daughter plants per mother plant (P < 0.001). The dry mass of roots was the 

highest in the 7-day-interval. (Table 1.6) 

 

4. Discussion  

4.1 Extending stolon removal interval increases daughter plant production 

Removing the stolons at a longer interval (63 days) significantly increased the amount of 

daughter plant produced in long-day strawberry ‘Albion’ in controlled environment systems. The 

longest stolon removal interval also significantly decreases the total number of stolons. These 

results are also confirmed by other studies (Sachs and Iszak, 1975; Hughes et al., 2017), showing 

that extending stolon removal interval decreased the total number of stolons produced per plant. 

In the study of Sachs and Iszak, the long-day cultivar ‘Tioga’ was evaluated on stolon production 

under three stolon removal intervals (one week, two weeks, and once at the end) for 10 weeks in 

fall season. Their results were that the one-time removal produced the smallest number of stolons 

in total. Hughes et al. investigated the effects of stolon removal on plant growth of two long-day 

strawberry cultivars at two sites in Canada. The results show the number of stolons generated 

were reduced by less incidents of stolon removal during the trials at both sites.  The significant 

increase of daughter plants with the 63-day harvest could be explained through the growth 

pattern of strawberry vegetative structure. The strawberry asexual reproduction relies on the 

differentiation fate of two types of axillary meristem (AXM): (1) the AXM of the primary crown 

that regulates flowering vs. stolon production (Sugiyama et al., 2004; Savini et al., 2008), and 

the (2) AXM of the stolon that decides whether to extend through growing new sympodial units 

with two internodes and a daughter plant, or to establish a branch crown besides the daughter 
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plant. The strawberry plants used in the experiment have been exposed to conditions that enabled 

them to continuously grow a new sympodial unit (at 26℃, under 14h photoperiod), exhibiting a 

greater amount of daughter plants growing on each stolon removed at the 63-day harvest. There 

is a possibility that the strawberry plants would produce less daughter plants if they were under 

unfavorable environment for activation of axillary meristem of the stolon. In Hytönen’s study 

(2009), the short-day strawberry cultivar “Korona” stopped growing continuous sympodial units 

after shifted to short-day photoperiod. In this study, similar stolon growth without continuous 

sympodial unit was occasionally observed at the first node where no daughter plant is present. 

However, there were multiple continuous sympodial units emerging from the first daughter plant 

generated from the mother plant in 63-day harvest. It is possible that increased daughter plant 

production takes place under longer period of stolon removal/harvest interval, when more 

axillary meristems are breaking up dormancy, subsequently growing more sympodial units. 

Another possibility of is that the daughter plant develops toward to self-sufficient and 

independent to mother plant over the time, leading to photosynthates allocation of mother plant 

to new sympodial units (Alpert 1991, 1999; Savini 2008).  

Turgeon (1989) demonstrated that leaves of dicotyledonous plants stop importing and 

begin to export photosynthate when they are 30 – 60% fully expanded. In this experiment, the 

assessed daughter plants at least have one fully expanded leaf, indicating the possibility of 

daughter plants turning into a source to produce photosynthate in excess of their own need and 

that of emerging young daughter plant sufficiently acquiring the photosynthetic support of 

mother plant with less competence from old daughter plants. Moreover, daughter plants with 

larger number of expanded leaves could have the ability to provide photosynthate to nearest 

developmentally younger daughter plants through stolon phloem transportation. There have been 



   

14 

 

studies on clonal integration shown that interconnected clones can share photosynthates, water 

mineral nutrients and other resources through vascular transport (Hartnett and Bazzaz 1983; 

Roiloa and Retuerto 2007, Narváez-Ortiz et al., 2018). Specifically, in the studies on Fragaria 

species from Roiloa and Retuerto 2007, Narváez-Ortiz et al., 2018, they exhibited the benefits of 

physiological integration through stolons, alleviating the salt-stress on mother plants by exposing 

daughter plants under favorable conditions. 

On a long-term scale, strategies of stretching harvest intervals could be implemented in 

indoor and open-field nursery operations, Indoor propagation with long harvest interval could be 

completed by production practices where the mother plants are growing placed high and the 

stolon is able to hang down without touching the ground.  In Europe, suspended substrate 

propagation in protected cultures has become more common over the past ten years, as a cost and 

time effective method (Lieten, 2014). Strawberry field propagation is usually conducted on 

raising bed with stolons growing horizontally on the ground. The concerns that nursery would 

have from long harvest interval are the disease control and market demand. The dense canopy of 

daughter plant community could increase the risk of infection and transmission of humidity 

attracted disease. Timing of plant material needed from growers should also be considered in the 

nursery production with long harvest interval.  

 

4.2 Quality parameters of daughter plant vary among three removal intervals 

Four parameters (crown diameter, number of fully expanded leaves, number of visible 

roots, and dry mass (Table 1.3 and 1.4, Figure 1.5)) were assessed to describe the morphological 

features of strawberry daughter plants. In this study, daughter plant population of each harvest 

interval is exhibited by combinations (categories) of those four parameters. The daughter plants 
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population harvested at longer stolon removal interval have increased percentage of daughter 

plants that have smaller crown diameter, reduced fully expanded leaves and roots, and 

decreasing dry mass. The 7-day harvest interval had an increase percentage of daughter plants 

with higher dry mass and wider crown diameter. However, the average number of daughter 

plants is higher in the 63-day harvest interval, compared to the two other harvest intervals.  

Extending stolon removal interval could compromise the percentage of daughter plants in some 

categories, but the ultimate quantity of daughter plant is still in favor of longer stolon removal 

interval. Furthermore, a certain relationship between the daughter plant performance and 

descriptively quantified parameters has remained unclear and would be a beneficial information 

for both nurseries and growers in strawberry industry. An efficient method of screening the 

developmental capacity of daughter plants is to select a crucial parameter that is easily accessible 

during the harvest process. A preceding research could be conducted, on the basis of categories 

of daughter plants present in this study, to evaluate the role of each parameter in developmental 

performance of daughter plant, such as growth rate, content of chlorophyll, and root 

development, etc.  

 

4.3 The proportion of asexually reproductive growth increases by extending stolon 

removal interval 

Growing under uniformly controlled environment, ‘Albion’ plants harvested at the 63-

day harvest interval have significantly increased dry mass of stolons and daughter plants, though 

the dry mass of other organs of mother plant (roots, crown, and leaves) and the number of leaves 

are significantly reduced. Variance of dry mass of each part of the mother plant reflects different 

photosynthate distribution in sink-source relationship (Paul and Foyer, 2001; Dingkuhn et al., 
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2007; Patrick and Colyvas, 2014). Mature leaves are considered the only carbonhydrate source 

on a strawberry plant, supplying to sink growth on mother plant as well as asexual structure 

development (Turgeon and Webb, 1973). In 63-day treatment, the number of leaves of mother 

plant is decreased, contrasting to the high number and total dry mass of daughter plants. This 

could possibly be explained by the theory that daughter plant develops independently at later 

stage and even become a source to the nearest younger daughter plant (see first part of the 

discussion above). The total dry mass of stolon was higher but the number of harvested stolons is 

lower in 63-day treatment. These opposing results are due to the increasing number of sympodial 

units on each stolon. The stolon harvested in 63-day treatment has more sympodial units with 

two internodes, leading to increasing total dry mass of a whole stolon. At short stolon removal 

intervals, photosynthates would be distributed to crown, root, and new leaf development of the 

mother plant, when the stolon and daughter plant are continuously removed.  

Discussion of size of daughter plants and their usefulness to growers.  

 

5. Conclusions 

Extending stolon removal intervals increases the rate of strawberry daughter plant production per 

mother plant at a lower number of stolons. The percentage of dry mass of stolon and daughter 

plant increases by extending stolon removal interval. Stolon removal intervals have impact on 

the distribution of the quality of daughter plants at different percentages. The findings from this 

study could provide reference of harvest interval for strawberry nurseries to increase the 

daughter plant production. Considering this study was conducted with suspended system in 

controlled environment, further validation of the study should be done in the greenhouse or open 

field.  
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CHAPTER 2 

Nitrate and Ammonium Ratios Impacting Flowering, but not 

Asexual Reproduction in the Long-day Strawberry cultivar 

Fragaria ×ananassa ‘Albion’. 

 

1. Introduction 

Strawberry belongs to genus Fragaria in the family of Rosaceae. The strawberry plant is 

an herbaceous perennial, and world-wide commercially planted for annual fruit production. The 

total U.S. production value of strawberries was approximately 2.7 billion dollars in 2018, 

according to USDA-NASS (National Agricultural Statistics Service of the U.S. Department of 

Agriculture) (National Statistics for Strawberries, 2018). Strawberry plants are mainly 

propagated through asexual reproduction for commercial purpose in strawberry nurseries. In U.S. 

nursery industry, strawberry transplants created value of approximate 166 million dollars in 2014 

(2014 Census of Horticultural Specialties, USDA). Asexual reproduction is obtained by aerial 

stolons with units of two internodes and a daughter plant in strawberries. Stolons are elongation 

shoots, generated from axillary meristem of the crown (compressed shoot) of a mother plant. 

Daughter plants are new leaf rosettes, genetically identical to the mother plant and with the 

ability to develop into a complete strawberry plant.    

Generally, there are two types of flowering habits in strawberry, seasonal flowering and 

perpetual flowering (Heide et al., 2013; Stewart and Folta, 2010). In cultivated octoploid 

strawberries (Fragaria  ×anannassa Duch)., seasonal flowering types are referred to as “short-

day” or “June-bearing”, with the feature of one flush of flowering and fruiting in spring and early 
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summer (Heide et al., 2013; Stewart and Folta, 2010).  Perpetual flowering types have more than 

one flush of flowers and fruiting capacities throughout the growing period, leading to a longer 

harvest season. These cultivars are referred as “long-day”, “everbearing” or “day-neutral” 

cultivars. The perpetual flowering trait has been catching attention of growers who are targeting 

all-year round production and off-season market (Bish et al., 2001; Neri et al., 2012; Castro et 

al., 2015; Arnade and Kuchler 2015). However, the trait of perpetual flowering also brings 

several challenges to the strawberry nursery industry. Flower removal is required in strawberry 

nursery operations when long-day cultivars are propagated, as flowers tend to contract disease. 

Removing flowers as a cleaning procedure increases labor cost and the simultaneous presence of 

flowers and daughter plants could indicate insufficient asexual reproduction rates of some long-

day cultivars.  

Previous studies have shown that the form of nitrogen available to the plant is related to 

plant growth, yield and nitrogen acquisition (Duan et al., 2006; Bonasia et al., 2008; Chen et al., 

2016). NO3- participates in molecular signaling pathways (Stitt 1999). To be assimilated by a 

plant, NO3- must first be reduced to nitrite (NO2-) first and then NH4+ via nitrate reductase and 

nitrite reductase, which is a process associated with energy consumption in the plant (Hopkins 

1999). NH4+ can be directly assimilated by a plant and does not require energy consuming 

enzymatic steps. Higher concentrations of NH4+ inhibit plant growth and further cause toxicity. 

However, the threshold at NH4+ causes toxicity differs widely among plant species and cultivars 

(Britto and Kronzucker, 2002). Marino and Moran (2019) proposed that NH4+ can possibly 

function to benefit plant for crop quality rather simply as an undesirable situation.  

Strawberry cultivars (Fragaria ×ananassa) have been reported to be sensitive to NH4+ 

toxicity, preferring NO3- absorption when both nitrogen sources are present (Claussen and Lenz 
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1999, Darnell and Stutte, 2001). However, there is little research that illustrates the influence of 

nitrate and ammonium ratio on flowering and asexual reproduction of strawberry. The nitrate and 

ammonium ratio has an impact on the pH around the root-zone and therefore on the uptake of 

other nutrients (Thomas et al., 1987). We hypothesize that the nitrate and ammonium ratios 

affect the balance between flowering and asexual reproduction in long-day strawberry cultivars. 

A hydroponic greenhouse study was conducted to investigate the effect of four nitrate and 

ammonium ratios, 100% : 0%, 80% : 20%, 60% : 40%, 50% : 50%, on flower and daughter plant 

production rate of the long-day strawberry cultivar ‘Albion’. 

 

2. Materials and Methods 

2.1 Experimental Design 

Four treatments of nutrient solutions with different nitrate to ammonium ratios: (1) 100-0 

(2) 80-20 (3) 60-40 (4) 50-50 (NO3- - NH4+ percentage in mM/L) were applied to 48 strawberry 

plants (Fragaria ×ananassa ‘Albion’)  in a completely randomized block design. There were 10 

blocks across two benches and each block had one replication of each ratio. Nitrogen, Potassium, 

Phosphorus, and Magnesium were consistent across treatments. The total amount of nitrogen 

content was 6 mM/L. Nitrate source came from KNO3, Ca(NO3)2, NH4NO3, and ammonium 

source came from NH4NO3, NH4H2PO4, (NH4)2SO4. The concentration of K, P, Mg was 3mM/L, 

1mM/L, 0.5mM/L respectively. The various concentration of Ca was between 1.2 ~2mM/L and 

that of S was between 0.5 ~ 1.5mM/L. All the micronutrients were kept the same amount among 

four nutrient solutions: 0.01mM/L MnSO4, 0.0008mM/L ZnSO4, 0.0005mM/L CuSO4, 

0.000085mM/L (NH4)6Mo7O24, 0.05mM/L H3BO3, 30mg/L Na2FeEDTA. Except for KNO3, 

NH4H2PO4, (NH4)2SO4 and MgSO4 are technical graded, the other chemicals used in mixing 
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nutrient solution are laboratory graded. All chemicals were weighed by analytical milligram 

balance (Mettler Toledo PL3030, Mettler-Toledo International Inc., Columbus, OH). The 

nutrient solutions were stored as 1X solution in white plastic buckets and directly pumped by 

submersible pump (Little Giant 500203 Lubricated pump, 1-A 170 GPH) from the buckets, 

delivered through non-recirculating drip irrigation system to the strawberry plants.  

In summer 2019, strawberry plug plants with a single crown were transplanted into 1-gal 

planting pots and started to be fed by four nutrient solutions on May 27th and grew for 12 weeks 

until August 19th. The substrate filled in the planting pots was mixing substrate with 50% : 50% 

coconut coir : perlite (Mother Earth Coco® + Perlite Mix, 50L; Hoffman® 16504 Horticultural 

Perlite, 17L). Strawberry plants were growing at average 26.2 ℃ and 16 h photoperiod with LED 

supplemental light. The irrigation occurred twice a day at 9am and 3pm with 250 ml input per 

pot  and was reduced to once a day at 9am with same input started on July 5th The feed and drain 

of a pot of each treatment were collected to monitor the volume, pH, EC, and calculating the 

drainage percentage. pH and EC were tested by a pH/EC meter (Apera Instruments AI423 

PC400S Portable Multi-Parameter Meter Kit). The composition of input and output nutrient 

solutions from each treatment was collected at two-week intervals and analyzed by t the 

Agronomic Services at NCDA (North Carolina Department of Agriculture & Consumer 

Services). The irrigation incidence and nutrient solution conduction are reported in Table 2.1.  

 

2.2 Plant Material Preparation 

The daughter plant materials used in this experiment were harvested from cv. ‘Albion’ 

strawberry stock plants that were fertigated with commercial fertilizer (N-P-K 20-10-20) in the 

greenhouse. The daughter plants were rooting in 50-cell flats of growing media mix (Miracle-
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Gro® Moisture Control® Potting Mix, The Scotts Company LLC) after being stored in the fridge 

at 4 ℃ for one week. The rooting period for daughter plants took two weeks under a misting 

system and subsequent four weeks of sprinkler system to until a plug plant was developed.  The 

misting system is located in the propagation greenhouse at HFL (Horticulture Field Laboratory, 

College of Agriculture and Life Science, North Carolina State University, Beryl Road, Raleigh, 

NC) and automatically misting in 10 second periods at 5 -minute intervals during daytime. The 

sprinkler system, which is located in the Hoffmann group greenhouse at HFL, was watering 

equally 6 times per day in 1-minute intervals, between 8 am to 5 pm. Qualified experimental 

plug plants had well-developed root ball and vigorous foliage present and were transplanted into 

3.6 L planting pots to be used in the experiment. 

 

2.3 Parameters and Date Analysis 

2.3.1 Inflorescence 

 Inflorescences were counted and removed afterwards when the primary flower of the 

inflorescence was visible on the stalk. The inflorescence was removed from the crown of the 

strawberry plant on a weekly basis. 

 

2.3.2 Daughter plant    

Daughter plants were harvested at two-week intervals, if roots were visible and at least 

two leaves were fully expanded. Before the harvest, the total length of the 1st and 2nd internode of 

a stolon was measure from the base of the mother plant to the crown of corresponding daughter 

plant. All harvested daughter plants were cut off the stolon between the 1st node of the stolon and 

the daughter plant. The 1st internode was retained attached to the mother plant. 
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All harvested daughter plants were assessed for crown diameter, number of fully 

expanded leaves, number of visible roots, and dry mass. Crown diameter was measured on the 

widest diameter of the crown by using a ruler. Visible roots were counted. During each harvest, 

all the daughter plants harvested from the same mother plant were placed into one paper bag and 

dried in a drying oven (Isotemp® Incubator Model 630D, Fisher Scientific CO. L.L.C. 

Pittsburgh, PA) with air circulation at 80 ℃ for at least 48 hours. Dry mass of daughter plant was 

weighed individually by a precision balance (Mettler Toledo PL1502E, Mettler-Toledo 

International Inc., Columbus, OH). 

To describe daughter plant quality traits, daughter plants from all treatments were 

categorized based on the parameters mentioned in Chapter 1.XYZ (crown diameter (C), the 

number of fully expanded leaves (L), and the number of visible roots (R)). Moreover, the 

assessed data range in each parameter was divided in three groups based on the daughter plant 

population of four treatments together: the lower 25% (l), the middle 50% (m), and the upper 

25% (u) range. Data ranges for each parameter are shown in Table 2.2. The capital letter of 

parameter and lowercase letter of range were combined as a class for each parameter: Cl, Cm, Cu 

(Crown Diameter, lower, middle, upper); Ll, Lm, Lu (Number of fully expanded leaves, lower, 

middle, upper); Rl, Rm, Ru (Number of visible roots, lower, middle, upper). There are 9 classes 

in total able to correlate with each other to describing daughter plant quality in this experiment. 

Each assessed daughter plant falls in one class of each parameter. In order to categorize the 

daughter plants on the basis of the parameters, three classes from three parameters individually 

were combined as a category leading to 27 categories in total (33) (Figure 2.3). The percentage of 

daughter plants of each category was calculated in four treatments. 
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2.3.3 Mother plant tissue analysis 

Mother plants from each treatment were sampled for tissue nutrient analysis twice during 

the experiment (July 16th and end of the experiment). Ten plants were sampled in each treatment. 

The mostly matured young leaf, including trifoliate blade and petiole, was cut off at the bottom 

of the plant and rinsed off the possible pesticide residual and any other substance on the leaf. 

Air-dry leaves were sent to NCDA lab (North Carolina Department of Agriculture & Consumer 

Services) for tissue analysis (See Table 2.2).  

 

2.3.4 Data analysis 

Statistical data analysis was completed by using SAS version 9.4 (SAS Institute Inc., 

Cary, NC, USA). To compare the effects of different NO3- : NH4+ ratios on each parameter, an 

overall comparison was conducted by using PROC GLM procedure of SAS. The mean 

separation was subsequently conducted by Fisher protected LSD test to compare the treatment 

effects one by one, if there is a significantly overall difference. The significant level 𝛼 = 0.05 

was used to identify the difference. 

Cumulative number of inflorescence or daughter plant was calculated by each time of 

data collection. The cumulative inflorescence number was weekly data, fitted in quadratic linear 

regression model (cumulative inflorescence vs. week) by PROC REG procedure of SAS. The 

cumulative daughter plant number was bi-weekly data due to two-week harvest interval. The 

cumulative daughter plant vs. week was fitted into single linear regression model by PROC REG 

procedure of SAS. 

A heat map of daughter plant phenology from different treatments was completed, using 

Tableau Software (Tableau Software. LLC., Seattle, WA, USA). 
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3. Result  

3.1 Inflorescence Production  

‘Albion’ strawberry plants have different response of inflorescence production to four 

ratios of nitrate and ammonium. During 12 weeks of asexual reproduction, strawberry plants in 

80-20 treatment (NO3-% - NH4+%) generate a greater number of inflorescence than the plant in 

the higher percentage of NH4 treatment: 60-40 treatment and 50-50 treatment (Figure 2.1A, P = 

0.036). The average of number of inflorescences is 10.3 stems per plant in 80-20 treatment, 

which is almost two times as the plants in 50-50 treatment (5.7 stems per plant). Strawberry 

plants produced 8.8 and 7.1 stems of inflorescence in 100-0 and 60-40 treatment respectively.   

Weekly Inflorescence production exhibits a quadratic trend in each treatment during the 

experiment (Figure 2.1B, R2=0.968, 0.992, 0.979, 0.911 for 100-0, 80-20, 60-40, 50-50 treatment 

respectively). After the 6th week, the inflorescence production starts to increase dramatically and 

the lines of four ratios shift further away from each other. An increased weekly production of 

inflorescences was observed in the 80-20 treatment, compared to the other three treatments.  

 

3.2 Daughter plant Production 

Decreasing the ratio of nitrate and ammonium doesn’t significantly affect the daughter 

plant production of strawberry plants (Figure 2.2A) after the one-way ANOVA analysis. The 

mother plants from 100-0, 80-20, 60-40, 50-50 treatment produce averagely 20.1, 21.9, 21.9, 

20.0 daughter plants respectively within 12 weeks after transplanting (Figure 2.2B). In the 

daughter plant quality heat map, the majority of daughter plants were classified in the “Cm-Lm-

Rm” category across all four treatments (Figure 2.3). 
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4. Discussion 

4.1 Increasing percentage ammonium reduces the flower production 

A decreased amount of nitrate and an increased amount of ammonium significantly 

changes flower production in the long-day strawberry cultivar ‘Albion’, while maintaining 

daughter plant production at similar levels (Figure 2.1A and Figure 2.2A). The total number of 

flowers that were removed at one-week interval was the highest in the 80-20 treatment and was 

decreasing with increasing ammonium. The nutrient level strongly influences the growth and 

architecture in strawberry (Savini 2003; Savini and Neri, 2003). A higher proportion of 

ammonium enhances the nitrogen availability to plants due to its access with lower energy 

consumption, leading to vigorous vegetative growth and higher nitrogen content in strawberry 

plants. There have been studies proved that high nitrogen content could delay flower bud 

differentiation (Fujinoto 1972; Furuya et al., 1988; Matsumoto 1991; Yamazaki et al., 2002; 

Massetani et al., 2011). The decreased number of inflorescences in increased ammonium 

treatment (60-40 treatment and 50-50 treatment) could be explained by the delayed flowering 

caused by high accessibility of nitrogen. 

Another possibility to explain the observed results could be an inhibition of ammonium 

to nitrate uptake (Kronzucker et al., 1999a). Ammonium was found to significantly inhibit the 

uptake of nitrate, as compared to that observed with nitrate alone in barley (Kronzucker et al., 

1999 a, b) and Arabidopsis (Cerezo et al., 2001). The regulation of flowering by nitrate has been 

demonstrated as a -U-shaped curve in the study of Lin and Tsay 2017: flowering time (number of 

days after seed stratification) reduced by increasing the nitrate content from 0.1 to 1.0 mM/L and 

increased after increasing the nitrate content from 1.0 to 2.0 mM/L in Arabidopsis thaliana. In 

this present experiment, higher ammonium percentages (60-40 treatment and 50-50 treatment), 
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hindered the uptake of nitrate and therefore could delay flowering, due to a decreased nitrate 

signaling.  

In our experiment, no symptoms of ammonium toxicity were observed, despite reports of 

strawberry cultivars being sensitive to ammonium (Claussen and Lenz 1999). In the study of 

Claussen and Lenz 1999, the sensitivity of strawberry was concluded by comparing the 

photosynthesis of strawberry plants fed with either solely ammonium or solely nitrate, or solely 

ammonium with CaCO3 at total nitrogen of 6 mM/L. The 6 mM/L of solely ammonium severely 

impaired the photosynthesis rate of strawberry (Claussen and Lenz 1999). However, the highest 

rate of ammonium used on this experiment was 3 mM/L, and might have been below a toxic 

dose for strawberry plants 

In Cárdenas-Navarro et al. (2006), strawberry plants were treated with ammonium alone 

at 4 mM/L nitrogen level and had the same fresh mass as the ones treated with nitrate alone. 

More approachable ammonium presence might alleviate the insufficient nitrogen situation, and   

ammonium rations most likely were below the threshold where visible ammonium toxicity 

symptoms would have been observed (Marino and Moran 2019).  

 

4.2 Nitrate and ammonium ratio has no effect on daughter plant production 

The daughter plant production and daughter plant quality are not influenced by the 

different nitrate and ammonium ratio treatments. According to Brown and Wareign (1965), 

flowering and asexual production are controlled by different genetic loci in the wild strawberry 

(F. vesca), though the two physiological processes seem to be antagonistic with regard to plant 

responses to temperature and photoperiod (Ito and Saito 1962; Remay et al, 2009; Koskela et al., 

2012). This almost mutually exclusive control of flowering induction and stolon formation 
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(asexual reproduction) is also confirmed in by Konsin et al. (2001) and Heide and Sønsteby 

(2007). Two different signaling chains could explain why the daughter plant production is 

similar between the different nitrate and ammonium ratios.  

Strawberry cultivars have limited heat resistance and performed poorly on flowering in 

the hot summer climate of the Mid-West and Eastern states of the U.S. (Dale et al., 2002; 

Weebadde et al., 2008; Petran and Hoover, 2018). Our experiment was conducted during the 

summer in North Carolina. The average temperature in the greenhouse of 26 ℃  is considered as 

too high to promote strawberry flowering, especially in California-originated long-day 

strawberry cultivars such as ‘Albion’ (Durner et al., 1984; Manakasem and Goodwin 2001; 

Stewart and Folta 2010). Under the conditions of this experiment, the vegetative growth, 

including daughter plant production, tends to remain dominant. However, temperatures in 

strawberry nursery fields, especially in low-elevation nurseries in California, frequently exceed 

26 C. The results of this experiment suggest that adjusting the nitrate and ammonium ratio could 

be translated into a feasible cultural practice for the strawberry propagation fields to reduce the 

labor cost involved in flower removal at long-day cultivars. However, the present study was 

carried out in hydroponic systems, and fertilizer adjustments in open-field strawberry nurseries 

might be more complicated, due to site-specific differences in soil and environmental factors.  

 

5. Conclusion 

 
Higher ammonium ratios in fertilizer solutions significantly decreases flower production in the 

long-day strawberry cultivar ‘Albion’, while maintaining daughter plant production. This finding 

has brought in that flowering production can be adjusted by nutrient protocol during strawberry 
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propagation. The results are originated from hydroponic study with strictly controlled nutrient 

input. Further research is needed for the soil fertilization in nursery industry.    
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CHAPTER 3 

Protein Hydrolysates Improves the Root Development of 

Strawberry (Fragaria ×ananassa Duch.) Plug Plants 

 

1. Introduction 

Strawberries are one of the most valuable fruit crops in the world. The strawberry 

industry created a production value in 2.7 billion dollars in 2018 according to USDA-NASS 

(National Agricultural Statistics Service of the U.S. Department of Agriculture). Strawberry 

plants (Fragaria ×ananassa Duch) are commercially propagated through asexual reproduction. 

Planting material is sold to strawberry growers either as bare-root (fresh-dug), semi-dormant cut-

off or dormant frigo-plant. However, in the southeastern US as well as in parts of Europe, the 

strawberry industry relies on plug plants, a rooted daughter plant, usually produced in potting 

mix, using a 50-cell tray (Samtani et al. 2019; Lieten, 1998; Poling and Parker, 1990).  

Plug plant production reduces the risk of transmitting soil-borne disease into the fruiting 

field and increase savings on water by better water use efficiency (WUE) during early plant 

establishment. Plug plant production is labor intensive and implies higher cost to growers, due to 

input of initial irrigation operation and substrate in the nursery propagation. (Durner et al., 2002; 

Hochmuth et al., 2006). The need for consistent sprinkler and misting systems during the 5-6 

weeks of establishment also increases the risk that plug plants will be affected of certain 

diseases, such as gray-mold (Botrytis cinerea),  Pyhtophthora crown (scientific pathogen name) 

rot or Anthracnose crown (scientific pathogen name) and fruit rot (Colletotrichum acutatum). 



   

38 

 

However, studies have demonstrated that plug plant material improve the yield 

performance and longer harvest season in fruiting fields (Durner et al., 2002; Dolgun 2006). 

Strawberry plug plants are usually available in North Carolina right before the early fall planting 

period, similar to early dug bare-root plants from California (strawberry plants that were dug up 

from the field) (Lieten 2002; Lareau and Lamarre 1993). However, long-day cultivars such as 

‘Albion’, commonly used to extend the season (e.g. under tunnel systems) in North Carolina, 

shifting the ideal planting date to end of August or early September. At this time in the year, the 

availability of planting material is sparse. Bare-root plants are not dug up from the field at least 

until the final week of September (Plant Material, Strawberry Growers Information, North 

Carolina State Extension). The production of plug plants usually takes 5-6 weeks (pers. comm. 

Nathan Moss). Enhancing the process of plug plant production could not just reduce overall costs 

and disease incidence but could also improve the availability of long-day plant material at the 

desired early planting dates.  

The key to plug plant production is the root development (Takeda and Hokanson 2003; 

Massetani et al., 2014).  The rooting process in a multi-cell tray moves forward with gradually 

increasing watering intervals (Rowley 2010). Once the plug plants grow an intact rootball, plant 

trays are shipped to growers and transplanted in the fruit production field. Insufficient root 

development delays plug plant supply for growers, impairs the plant establishment at early stage 

and leads to lower yields (Kokalis-Burelle, 2003). 

Root development of young plants mainly relies on the carbohydrate transportation from 

source (leaves) to sink (root). Foliar fertilizer application facilitates the uptake of nutrient and 

other soluble substance (Colla et al., 2014; Amirkhani et al., 2016), and can lead to increased 

plant growth (Colla et al., 2017). Protein Hydrolysates (PH) is a mix of free amino acid and 
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peptides derived from animal tissue or plant residue (Schaafsma 2009). PH have been studies for 

its utilization as an important dissolved organic nitrogen and biostimulants in horticulture (Colla 

et al., 2015). PH-treated tomato plants adjusted their nutrient uptake, leading to modifications in 

the root architecture, in particular root length, density and number of lateral roots (Colla et al., 

2015; du Jardin 2015). “GRO-MINOTM 5-0-0” (Macro-Sorb Technologies LLC) is a product 

blending of amino acid and micronutrients (Boron, Manganese, and Zinc). We hypothesized that 

frequent foliar PH treatment with GRO-MINO will accelerate the root development of 

strawberry plug plants, compared to standard water treatments. To investigate the effect of PH on 

the root system development of strawberry plug plants, “GRO-MINOTM 5-0-0” was applied at 

increasing rates to plug plants for the last three out of five weeks of development.  

 

2. Materials and Methods 

Daughter plants of Fragaria ×ananassa cv. ‘Albion’ were harvested and rooted in 50-

cell (5 x 10) trays, filled with growing media mix (Miracle-Gro® Moisture Control® Potting Mix, 

The Scotts Company LLC, Marysville, OH, USA). Daughter plants were developed into plug 

plants under misting system for two weeks, after being stored in the fridge at 4 ℃ for one week. 

The misting system was implemented in the propagation greenhouse at HFL (Horticulture Field 

Laboratory, North Carolina State University, Beryl Road, Raleigh, NC) and was programed for 

incidence occurring for 10 seconds at 5-minute interval during daytime. After two weeks, the 

trays of plug plants were transported under a sprinkler system (Greenhouse, HFL). The sprinkler 

was controlled by an irrigation timer. The sprinkler system provides less humid environment to 

plug plants.  The timer was set to work equally 6 times of 1-minute period from 7:30 am to 5:30 

pm. 
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Nine two-week-old plants were randomly selected from a 50-cell tray of plug plants and 

placed in a 15-cell (5 x 3) new tray. Five application rates of “GRO-MINOTM 5-0-0” were 

implemented on five 15-cell new trays of nine plug plants each: 0% (water), 0.1%, 0.3%. 0.6%, 

1%. The liquid product was diluted to those five rates and stored in spray bottle (32 oz. 

Professional Sprayer, Zep®, Atlanta, GA) separately. Diluted solutions were sprayed at XYZ ml 

once per week interval on the whole canopy of corresponding 15-cell tray of plug plants for three 

consecutive weeks. During the spray treatment once a week, spray bottles were adjusted to finest 

set of the output and ten pulls, around 30 ml in total, were completed in each foliar spray rate.  

After three weeks, root length of all plug plants was assessed. The substrate on the 

rootball was washed off gently. The roots of plug plants were rinsed in water several times and 

dried with tissue paper afterwards. The entire root system was cut off the plug plants and 

dissected into several sections. All the sections of one plug plant were scanned (Epson 

Expression 10000 XL, Epson America, Inc., Long Beach, CA, USA). The image acquired by the 

scanner was analyzed by software WinRHIZOTM 2019 (Regent Instruments Inc., Canada) for 

root total root length and root diameter All the root sections from one plug plant were placed in a 

labeled paper bag and dried in a drying oven (Isotemp® Incubator Model 630D, Fisher Scientific 

CO. L.L.C. Pittsburgh, PA) for at least 48 hours at 70 ℃. The dry mass of roots was weighed 

after the drying process. 

Statistical data analysis was completed in software SAS version 9.4 (SAS Institute Inc., 

Cary, NC, USA). The effect of five application rates on plug plant root features was analyzed 

with one-way ANOVA by PROC GLM procedure in SAS for overall comparison. The 

following-up mean separation was tested by Dunnett’s method to compare the effect between 



   

41 

 

product and control (water). All significant level 𝛼 = 0.05 was used to identify the difference 

between treatments. 

 

3. Results 

Foliar applications of PH increase root growth of plug plants significantly (P = 0.003). 

The plug plants sprayed with 0.3% and 1.0% of PHs had significantly increased root length, 

compared to the other three treatments in this experiment (Figure 3.1A). Plug plants sprayed with 

water control developed significantly less roots than all PH treatments.  

Root system data were classified into three diameter classes (Table 3.1). In the finest root 

diameter class (0-0.15 cm) plug plants sprayed with 0.3% PH generate significantly (P < 0.001) 

more roots (1164 cm) per plug plant, accounting for 57.3% of entire root system. Plug plants 

sprayed with 0.1% and 1.0% PHs product showed significantly increased root length in root 

diameter class (0.15-0.3 cm) (P = 0.007), with 636 cm and 647 cm per plug plant respectively. 

The water control developed significantly less roots in both diameter classes, compared to all PH 

treatments. No significant differences between treatments were found in the dry mass of root 

systems between all treatments.   

 

4. Discussion 

The root development of strawberry plug plants can be significantly improved by foliar 

spray with PHs. Previous studies have demonstrated that the application of PH has a stimulatory 

effect on root development in maize seedlings and lily plants (Santi et al., 2017; De Lucia and 

Vecchietti 2012). The result of the present study is consistent with the findings of Santi et al. 

(2017), who illustrated that PH treated maize seedlings grew 7 times longer roots than the 
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inorganic N-treated plants. It has been established that a rapid and efficient root growth can be 

advantageous during early stage of seedling emergence, facilitating the plant capacity to absorb 

water and to uptake nutrient (Lynch, 1995). Foliar applications of PH haven been shown to 

enhance the uptake and use efficiency of nutrients in maize seedlings (Ertani et al., 2009).  

This presented study demonstrates that fine roots (root diameter is smaller than 0.15 cm) 

contribute to approximate 50% of total length of the entire plug plant root system in all 

treatments. The percentages of fine roots in 0%, 0.1%, 0.3%, 0.6% and 1.0% PHs products are 

51.2%, 44.4%, 57.3%, 51.93%, and 49.53% respectively. Foliar spray with 0.3% PHs product 

significantly increases the fine root length by 52% (400.4 cm longer in 0.3% than 0% PHs 

products) compare to the 0% PHs product, while the rest root length is similar between 0.3% and 

0% PHs products. Also the findings of Marfà et al. (2009), showing that PH applications 

increased the biomass of newly formed roots in strawberry plants, corresponds with our findings 

of significantly higher fine root systems in PH treated plug plants, compared to the control.  

 

5. Conclusion 

Conclusion made from this study is that foliar applications of Protein Hydrolysate could 

stimulate the root development of strawberry plug plants during nursery propagation. This 

method could be integrated into the process of strawberry plug plant propagators here in North 

Carolina to ensure the availability of plug plants with high quality to growers, and enhance the 

early plant early establishment in the field.  
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CHAPTER 4 

Literature Review on Industry and Research of Nursery 

Propagation in Strawberry (Fragaria ×ananassa ‘Albion’) 

 

1. Industry 

Strawberry, the genus Fragaria Duch. in the Rosaceae family, is an important member of 

small fruits group with significant economic value in the US market. According to the National 

Agricultural Statistics Service of the U.S. Department of Agriculture (USDA-NASS, 2018), the 

total U.S. production value of strawberries approximately amounted 2.7 billion dollars on 5.0 

planted acres in 2018. California is leading the strawberry industry with 85% of the total value 

(2.3 billion dollars) in the market, followed by Florida (10%, 0.28 billion dollars). North 

Carolina has the thirdly largest strawberry production with 21.4 million dollars value in 2018.  

Strawberry fruit production is primarily based on annual hill production (AHP) systems 

in U.S. (California Strawberry Commission, 2018; Poling, 2015). In temperate regions in U.S., 

strawberry growing season usually occurs between fall to spring or early summer of the 

following year, while the fruit harvesting season concentrates on late spring and early summer 

(Samtani et al., 2019). The off-season strawberry fruit production creates considerable profits, 

leading to the trend of extended season production or greenhouse production and day-neutrality 

oriented breeding (Castro et al., 2015; Arnade and Kuchler 2015). The off-season supply usually 

comes from Florida and Mexico because of the warm climate that ensures fruit production. In 

North America strawberry breeding field, day-neutral genotypes are photoperiod insensitive and 

initiate flowers under any photoperiod conditions as long as temperatures are moderate (18/14℃ 
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day/night) (Castro et al., 2015; Durner et al., 1984) but only flower under long-day photoperiod 

when the temperature is high (30/26℃ day/night). The day-neutral flowering characteristic 

allows strawberry to produce inflorescence under any photoperiod, providing strawberry growers 

an opportunity of targeting off-season market. In North Carolina, strawberry growers implement 

an extended season production, planting strawberry plug plants early fall (late August or the 

beginning of September) to obtain a short period time of berry harvest before winter, to meet the 

holiday demand in strawberry fresh market. The strawberry plants maintain dormant during 

winter and recover in the following spring for another round of fruit production. The regular field 

strawberry production only occurs in the following spring after the transplanting. There is 

challenges of extended production pattern along with profits: time consumption of early root 

development and possible natural damage from hurricane and abnormal warm weather. 

There are two types of commercially used propagation practices: sexual and asexual 

propagation. Sexual reproduction is producing seeds through the combination of the pollen 

(male) and the ovule (female), usually done by artificial pollination in strawberry (Holsigner 

2000; Hiscock 2011). This process draws from the genes of two different parents to create a third 

individual that carries new genetical potential. This method is a commonly used in small fruit 

breeding. Asexual propagation, however, includes producing tubers, rhizomes, corms, bulbs, and 

stolons (Silvertown, 2008). Offspring from asexual reproduction is genetically identical to the 

parent. In strawberry, aerial stolons (“runners”) can be built under favorable conditions and 

successively generate new plants at even nodes (Hancock 1999). The odd nodes could produce a 

new secondary stolon with more new plants attached. The new plants are referred as daughter 

plants. Daughter plants are rooted into the soil or substrate and sold to fruit production industry 

afterwards (Lieten 2014). Asexual reproduction through daughter plants is used in commercial 
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strawberry propagation facilities (nurseries) to produce hundreds of millions plants every year 

for the U.S. strawberry industry. 

The U.S. strawberry propagation industry is a multi-year and multi-location process. 

Usually it starts in virus-free facilities with tissue culture, using meristem to produce disease-free 

mother plants (Foundation Plant Services, 2008). Those mother plants are then either sold to 

nurseries or kept for producing the first generation of stolons, whose daughter plants serve as 

stock plants to nursery operations. After two-three years of stolon production cycles occurring 

under either greenhouse or field condition, some of daughter plants are kept in the nursery for the 

following asexual propagation season and the other daughter plants are then growing under 

reproductively favorable conditions (e.g. high elevation nursery in California, mountain nursery 

in North Carolina, and nursery in Canada). The daughter plants that have undergone reproductive 

induction are sent to growers, as either bare-roots, plug plants, and daughter plants directly cut 

off the stolon. The whole process is associated with high costs and leads to the investigations on 

boosting the efficiency of daughter plant production in terms of speed, number, and performance 

later occurring in the field fruit production. 

Strawberry nurseries are challenged with a series of problems regarding Integrated Pest 

Management (IPM) and production efficiency. The young plants have the ability and possibility 

of transferring pathogen from the propagation site to the fruit production field, impairing the 

growth and yield of strawberry and increasing the cost of IPM. Some of the diseases would not 

show the symptom until they are conveyed to the fruit field due to plant juvenility and 

unfavorable condition for the spread of pathogen. The common diseases frequently associated 

with the propagation process include angular leaf spot (ALS, Xanthomonas fragariae), botrytis 

(Botrytis cinerea), powdery mildew (Sphaerotheca macularis), Anthracnose crown and fruit rot 
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(Colletotrichum species), Fusarium wilt (Fusarium oxysporum ssp. fragariae) and leaf blotch 

(Mycosphaerella fragariae) (Bolda et al. 2016; Bolda et al. 2017; Koike et al. 2018; Mertely et 

al. 2017; Oliviera et al. 2014; pers. comm. M. Hoffmann) The other issue that nurseries are 

challenged with is daughter plant production efficiency, especially for the day-neutral cultivars 

as they produce stolon and inflorescence simultaneously. In California, angular leaf spot is a 

common disease in strawberry nursery production, and a major concern for nurseries wishing to 

export plants (Gigot et al. 2017). The disease causes substantial yield loss in open-field fruit 

production, while its greatest economic impact is on the nursery industry where the pathogen’s 

quarantine status affects the export market of plants notably destined for Mexico and European 

Union (van der Gaag et al. 2013). Water-splash dispersal occurring during rainfall or overhead 

irrigation that is commonly utilized in nursery production, can be responsible for secondary 

infections (Gigot et al. 2017). There is also virus risk threatening strawberry nursery production 

across the United States and Canada. The tests for virus-transmissible agents infecting 

strawberry have been developed to determine the presence of strawberry viruses in major 

strawberry nursery production area of North America (Foundation Plant Services 2008; Martin 

2013). 

 

2. Botanical information on the genus Fragaria 

There are more than twenty different species within the genus Fragaria, with a high 

cytological diversity, varying from diploid to octoploid. The diploid wild strawberry (Fragaria. 

vesca), commonly known as woodland strawberry, is widely distributed in Eurasia and America. 

Due to the relatively simple genome and herbaceous characteristics, the genotype of F. vesca has 

been sequenced and the species has received special interest as a useful model plant for genetic 
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and physiological studies of the genus Fragaria even as well as the family Rosaceae. The 

commonly known octoploid strawberry is a large-fruited hybrid cultivar Fragaria ×ananassa, 

which is commercially grown worldwide from the tropics to the Arctic.  

The strawberry plant is an herbaceous perennial. The stem is compressed to extremely 

short internodes, referred to as crown, and the branching is sympodial in strawberry plants. 

Trifoliate leaves are assembled around the crown in a spiral fashion. Inflorescences are formed 

terminally on the stem. At the axillary buds, it either generates a branch crown or stolon where 

produces daughter plants (offspring) asexually. 

The cultivated octoploid strawberry (Fragaria ×ananassa) as well as the wild diploid 

strawberry (Fragaria vesca) can be divided into two categories, based on their flowering 

behavior: seasonal flowering (SF) and perpetual flowering (PF). SF genotypes usually have a 

one-seasonal blossom, whereas PF genotype can flower continuously. Floral initiation is 

variously determined by genotype and environment factors. The genotypes with seasonal 

flowering habit are strict to the floral induction condition, only initiated by short-day photoperiod 

and certain number of chilling hours (during the dormancy). All the short-day cultivars (also 

called “June-bearing”) of cultivated strawberries were classified under this flowering habit, 

blooming and fruiting concentrate on spring and summer during a year. However, the genotypes 

with perpetual flowering habit are not sensitive to photoperiod and temperature in contrast to the 

one with seasonal flowering habit. In cultivated strawberries, the threshold of inducting 

photoperiod and temperature is not uniform among the cultivars, and the conclusions from 

controlled environment experiments is rather unclear. Originally PF strawberries were called 

ever-bearing cultivars,  because flower initiation and fruit formation occurred under long 

photoperiod. However, a number of new cultivars were introduced by breeding groups in 
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California that are non-sensitivity to day-length. Those new cultivars were originated from the 

crosses of selected clones of Fragaria. virginiana ssp. glauca and SF cultivars. The modern 

California cultivars are slightly responding to photoperiod for floral induction, called day-neutral 

cultivars. However, according the literature review from Heide (2013), the true day-neutral 

photoperiodic nature of modern California everbearing cultivars has not been demonstrated 

convincingly. The common characteristic shared by older and modern ever-bearing cultivars is 

the long season of flowering and fruiting, catching more attention in American and European 

strawberry markets, while the asexual reproduction of PF strawberry has been partly restricted by 

daughter plant production efficiency. 

The strawberry stolon is developed by differentiation of axillary meristem (AXM). The 

AXM, after broken down the dormancy, develops either a branch crown (compressed shoots) or 

a stolon (elongated shoots) with a new rosette as a daughter plant. The branch crown functions as 

the primary crown originally from strawberry plant, terminated by inflorescence and contributing 

to the fruit yield later. There is stolon generated from axillary meristem of the branch crown as 

well. The stolon is the main source of asexual reproduction in strawberries, successively growing 

units of internodes and building a young daughter plant with aerial roots at nodes. From my 

research observation, the young daughter plants usually are presented at even nodes, while the 

odd nodes develop new secondary stolons repeating the same growth pattern as the primary 

stolons (Figure 1.1 A). The fate of AXM is determined by multiple endogenous and 

environmental factors, including genome, hormone, light, temperature, and fertilization. 

“Grower emphasis will be on selecting cultivars and technologies that will favor year-

round, high-quality, delicious strawberries to cater to the increasing consumer demand for locally 

grown, fresh foods”, according to an extension workshop paper from ASHS conference 2017. 
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Day-neutral cultivars have the potential to supply local fresh strawberry for most time of the 

year. The particular barrier to tackle is the low propagation efficiency of day-neutral cultivars 

from strawberry nurseries. Like any other type of strawberry plants, day-neutrals could be 

sensitive to ambient environment and adapt to various environments by timing vegetative and 

reproductive growth phases. There is possibility of modulating asexual reproduction of day-

neutral cultivars by means of adjusting environmental factors that impacts vegetative vs. 

reproductive growth and could be controlled feasibly. 

 

3. Impactors on asexual reproduction  

3.1 Environmental factors 

Environmental conditions play a role in regulation of strawberry asexual reproduction 

through modulating the fate of axillary meristem differentiation either to branch crown or to 

stolon. Research of strawberry flowering regulation by environment, especially the interaction 

between temperature and light, has been uncovered since 1934 from Darrow and Waldo’s study. 

Leshem and Koller (1963) specifically studied the environmental factors controlling asexual 

reproduction (referred as “runnering” in the article). They found increasingly long exposure to 

conditions favorable for runnering caused a subsequent increase number of runners, their total 

length, number of daughter plants, and dry mass that is produced by mother plants. Flowering 

(sexual reproduction) and asexual reproduction seem to be antagonistic processes (Gutteridge, 

1985) as they both are considered a sink of the plant, competing for photo-assimilates with each 

other. The influence of temperature and photoperiod also presents on strawberry asexual 

reproduction and varies between strawberries with two kinds of flowering habits: seasonal 

flowering and perpetual flowering. The strawberry with seasonal flowering has recognizable 
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reaction to critical value of certain temperature and photoperiod, no matter if it is diploid or 

octoploid. In short-day diploid strawberry Fragaria vesca, increasing the temperature and 

photoperiod improves the response of asexual reproduction (Hytonen and Elomaa, 2011). The 

asexual reproduction of short-day cultivated strawberry (octoploid) has similar response to 

temperature and photoperiod. Early in 1977, Heide studied photoperiod and temperature 

interactions in growth and flowering of short-day strawberry cv. ‘Senga Sengana’ and cv. 

‘Abundance’. The results indicate that the stolon formation is stimulated by high temperature and 

long days, with optima at 16h and 24 ℃ for these particular cultivars. And the stolon formation 

could be ceased 3 weeks later after being transferred from long day to short day condition (Heide 

1977). However, in the perpetual flowering strawberries, asexual reproduction responses 

differently to the environment. Some of the PF diploid wild strawberries (Fragaria vesca) prefer 

generating stolons under high temperature but short photoperiod (Hytonen and Elomaa, 2011). 

There are also some PF wild strawberries which do not form stolons at all. In general, the 

capacity of asexual reproduction is weaker in PF strawberries than seasonal flowering 

strawberries (Sønsteby and Heide, 2007).  

Gibberellins (GAs) is a type of plant hormones involved in many developmental 

processes, such as seed germination, elongation growth, and flowering, which functions have 

been discovered in many plant species. It also plays an important role in strawberry asexual 

production that promotes stolon production. At the early stage of GA research on strawberry 

development, Guttridge and Thompson (1936) demonstrated that the effects of long-day 

treatment, which increase the stolon production in short-day cultivars, could be mimicked by the 

application of GA. It has been confirmed by other studies (e.g., Tafazoli and Vince-Prue, 1978; 

Hytönen et al., 2009). Recent studies have uncovered the regulation is associated with the fate of 
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axillary meristem differentiation of either producing stolon, a promoting direction to asexual 

reproduction in strawberries, or branching a secondary crown with potential of new 

inflorescence, consequently increasing flowering and yield. A number of studies have 

investigated the influence of GA through the application of GA biosynthesis inhibitors (Hytonen 

and Elomaa, 2011), such as Prohexadione-calcium (Pro-Ca). While the inhibitor has opposite 

effect on stolon production compared to GA, it was also enhancing crown branching and 

increasing flowering and yield under field conditions (Black 2004; Hytönen et al., 2008). 

Hytönen et al. (2009) also discovered that applying Pro-Ca reduced the leaflet and petiole growth 

in strawberry as well as inhibited stolon formation, but promoted the crown formation similar to 

the short-day effect on short-day strawberry cultivars. More evidence of GA regulation of 

axillary bud differentiation were found in gene expression studies. Schwechheimer (2008) 

reviewed several GA signaling pathways that have been identified among different plant species 

over the past decades, including GA receptor GID1, and the DELLA repressor proteins and its 

associated E3 ubiquitin ligase mediation. The nuclear-enriched DELLA proteins restrain GA-

dependent growth responses, and their repressor activity is relieved by their GA-dependent 

degradation (Silverstone et al., 2001; Dill et al., 2001).  

Another factor influencing strawberry asexual reproduction are chilling hours. A period 

of short-day exposure induced strawberry plants to go dormant in winter. To break the dormancy 

and re-establish the plant growth, the strawberry plants require several weeks of chilling at 

temperature range from -2 ℃ to approximate 6 ℃. Any temperature above that has marginal 

effect or no effect at all (Guttridge, 1985). An insufficient chilling may lead to a lack of 

vegetative development, poor anther and pollen quality, fruit malformation, lower fruit weight 

and yield (Kronenberg et al., 1976). For strawberry asexual reproduction, this period of chilling 
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time partly determines the stolon formation later under warm weather. Smeets (1982) concluded 

that chilling induces stolon formation and can be replaced by high temperature. Additionally, 

chilling also can effectively inhibit the formation of new inflorescence (Darrow and Waldo, 

1934; Guttrdge, 1958). The optimum chilling varies among cultivars and can be investigated in 

each cultivar. Lieten (2009) studied optimum chilling in relation to yield and vegetative 

development for ‘Sonata’, using the length of petiole and inflorescence as parameters.  

Other environmental factors have not been thoroughly studied only for the influence on 

strawberry asexual reproduction. However, considering the antagonism between sexual and 

asexual reproduction, the factors affecting flowering and fruiting, such as water and nutrient 

supply, could also have impacts on the stolon formation and daughter plant generation. Inhibition 

of growth caused by temporary stresses may trigger floral initiation under otherwise non-

inductive conditions. The literature on strawberry nutrition is extensive, while the interpretation 

of the responses can be complex. The dominant nutrient response to fertilization could be the 

production of larger plants with more potential flower sites (Abbot, 1968; Breen and Martin 

1981; Guttridge 1985). Moreover, the influence of nutrient supply on the balance of strawberry 

reproductive and vegetative growth relies on the dose of nutrients. Increasing nutrient supply 

from a deprived state usually increases fruit yield, while surplus, especially of nitrogen, can 

inhibit flower formation (Stadelbacker, 1963; Guttridge, 1985). 

 

3.2 Genetics of asexual reproduction of strawberry 

The complete sequencing of the Fragaria vesca genome has been provided by Shulaev et 

al (2011), due to the diploid relatively simple chromosome, and most genetic work on strawberry 

has been completed in diploid strawberry Fragaria vesca. Although flowering and asexual 
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reproduction seem to be antagonistic processes, there is evidence showing those two types of 

reproduction are controlled by different genetic loci in Fragaria vesca (Brown and Wareign, 

1965). They crossed two non-stolon producing genotypes (NSP) with PF habit with a stolon 

production genotype (SP) with SF habit and found that all F1 individuals have SF-SP trait. 

Moreover, in F2 and F1 x PF genotype backcross populations, there are four different 

phenotypes, PF-SP, PF-NSP, SF-SP, SF-NSP, showing simple Mendelian inheritance. It 

concluded that both seasonal flowering and stolon producing are controlled by separate, 

dominant single genes. Hytönen and Elomma (2013) referred those two genes as Seasonal 

flowering locus (SFL) and Runnering locus (RL) respectively. However, Sargent et al. (2004) 

reported that segregation of the R locus deviated from the expected 3:1 ratio, indicating that 

more than one single gene was involved. Additionally, another gene locus, Arborea (ARB), has 

been shown to control stolon production in “strawberry tree” mutant Fragaria vesca arborea 

Staudt. This mutant has long internodes, it continuously produces stolons, whereas branch 

crowns are lacking. In crossing experiment with PF ‘Baron Solemacher’, arb mutation was 

found to be recessive and epistatic to RL (Guttridge 1973). 

Even though the strawberry has complex genome, there has been QTL mapping for 

stolon production in octoploid strawberry Fragaria ×ananassa (Hossain et al., 2019). In their 

study based on ddRAD-seq derived SNPs, seven QTLs namely, qRU-5D, qRU-3D1, qRU-1D2, 

qRU-4D, qRU-4C, qRU-5C and qRU-2D2, were identified for stolon production, having 

putative roles meristem differentiation for asexual reproduction and flowering within these QTL 

regions. A single major QTL named FaPFRU controlled both PF and SP traits in cultivated 

octoploid is investigated, displaying opposite effects on flowering (positive effect) and asexual 

reproduction (negative effect) (Gaston et al, 2013). This indicates that flowering and asexual 
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reproduction share common physiological control that is related to this specific locus. A specific 

Gibberellin (GA) 20-Oxidase gene (GA20ox), discovered in Fragaria vesca, regulates stolon 

production (Tenreira et al., 2017). When FveGA20ox4 is mutated, axillary meristems remain 

dormant or produce secondary shoots terminated by inflorescence, indicating that there is a series 

of control factors of the trade-off between sexual and asexual reproduction in strawberries. 
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TABLES 

Table 1.1. Environmental parameters inside of the growth chamber. Shown is mean + 

standard deviation (n=3). PPFD is the abbreviation of “Photosynthetic Photon Flux Density”, 

measured in micromoles per square meter per second (µmol・m-2・ s-1). 

Treatment / 

Stolon 

Removal 

Interval 

Light Type 

PPF Photoperiod Temperature 

Relative 

Humidity 

Water 

content of 

substrate 

µmol・m-2・ s-1 h ℃ % % 

7 days 
Fluorescent 

(5000 and 

6500 K 

color 

temperature) 

        508 + 9 

14 

26.1 + 0.2 

73 + 3.3 

53.0 + 2.1 

21 days 506 + 12 25.9 + 0.3 46.3 + 2.6 

63 days 506 + 15 26.2 + 0.4 39.9 + 3.2 

 

Table 1.2. Irrigation Parameters inside growth chamber. Shown is mean + standard deviation 

(n=3). 

Solution pH 

EC 

mS/cm 

Drainage  

% 

Feed 6.08 + 0.36 0.95 + 0.05 

13.7 + 7.2 

Drain 5.23 + 0.75 1.17 + 0.25 
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Table 1.3. Classes of four parameters of daughter plant quality. Range group is decided 

based on entire population of all treatments. Class is a combination of capital letter of each 

parameter and lowercase letter of range group. 

Groups 

of 

Range 

Parameter 

Crown Diameter (C) 

Number of Fully 

Expanded Leaves 

(L) 

Number of Visible 

Roots (R) 

Dry mass (D) 

Class Range Class Range Class Range Class Range 

Lower 

25% 

Cl ≤ 0.6 cm Ll 1 Rl ≤ 4 Dl ≤ 0.2 g 

Middle 

50% 

 

Cm 

0.6 cm < Cm 

≤ 0.8 cm 

Lm 2 or 3 Rm 

4 < Rm ≤ 

17 

Dm 

0.2g < Dm ≤ 

0.7 g 

UpSoe

m per 

25% 

Cu > 0.8 cm Lu ≥ 4 Ru > 17 Du > 0.7 g 

  

Table 1.4. Length and dry mass of first and second internode of stolon. “DM” stands for dry 

mass of the internode. Shown are means (n=12). Letters indicate levels of significance (P < 0.05) 

tested by LSD.  

Treatment / stolon 

removal interval 

first internode second internode 

Length (cm) DM (g) Length(cm) DM (g) 

7 days 21.92 b 0.26 a 13.40 b 0.22 a 

21 days 23.85 a 0.25 a 15.39 a 0.17 b 

63 days 20.73 c 0.13 b 14.23 a 0.11 c 

P-value < 0.001 0.017 0.003 < 0.001 
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Table 1.5. Daughter plant number of selected categories. Shown are means (n=6). Letters 

indicate significance levels (P < 0.05) tested by LSD. 

Treatment / 

stolon 

removal 

interval 

Category 

Cl-Ll-Rl-Dl Cl-Lm-Rm-Dm Cm-Lm-Rm-Dm Cu-Lm-Rl-Dm Cu-Lm-Rm-Du 

7 days 0.6 c 0.8 b 2.3 b 2.8 a 2.8 a 

21 days 3.7 b 1.2 b 4.1 b 1.4 b 3.8 a 

63 days 10 a         10.9 a 0.1 a 0 c 0.6 b 

P-value < 0.001 < 0.001 <0.001 < 0.001 < 0.001 

 

 

Table 1.6. Mother plant organ proportion in three treatments. DM is referred to the dry mass 

of each organ section of mother plants. Shown are means (n=6). Letters indicate significance 

levels (P < 0.05) tested by LSD. 

Treatment/ 

stolon 

removal 

interval  

Stolon 

Daughter 

plant 

Leaf Crown Root Total 

DM (g) DM (g) Number DM (g) Diameter DM (g) DM (g) DM (g) 

7 days 11.69 c 10.45 c 14.00 a 16.17 a 1.82 a 1.51 a 11.65 a 51.46 b 

21 days 17.60 b 19.41 b 15.83 a 15.10 a 1.74 a 1.48 a 7.20 b 60.78 b 

63 days 28.82 a 53.19 a 9.83 b 5.82 b 1.35 b 0.89 b 5.50 b 94.23 a 

P-values < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.008 < 0.001 
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Table 2.1. Irrigation and nutrient solution across four treatments. NH4+% was from nutrient 

solution analysis results. The NH4+% in “Feed” has small difference from the percentage of the 

corresponding treatment. Data was presented as mean + standard deviation (n=6). 

Treatments 

(NO3
- - 

NH4
+

 in %) 

Feed Drain Drainage 

NH4+% pH 
EC 

NH4
+% pH 

EC 
% 

mS/cm mS/cm 

100-0 1.5 + 0.52 6.6 + 0.13 1.1 + 0.03 1.7 + 0.60 6.4 + 0.08 1.2 + 0.14 

37 + 9 
80-20 21.3 + 0.69 6.6 + 0.07 1.3 + 0.02 15.8 + 3.82 5.3 + 1.10 1.4 + 0.16 

60-40 40.4 + 0.94 6.5 + 0.08 1.3 + 0.04 34.3 + 3.48 5.1 + 0.99 1.5 + 0.26 

50-50 49.1 + 0.97 6.4 + 0.09 1.3 + 0.18 45.5 + 2.69 5.0 + 0.99 1.4 + 0.37 

 

 

Table 2.2. Macronutrient (N, P, K, Ca, S, Mg) content of leaf tissue sample from four 

treatments. Shown is the value reported in % unit. Data was from two nutrient analysis on all 

plants within a treatment (n=2) and presented as mean + standard deviation.  

Treatments 

(NO3 - NH4 

in %) 

Nitrogen 

(N) 

Phosphorus 

(P) 

Potassium 

(K) 

Calcium 

(Ca) 

Sulphur 

(S) 

Magnesium 

(Mg) 

100-0 2.9 + 0.23 0.59 + 0.06 2.72 + 0.59 1.71 + 0.28 0.15 + 0.00 0.27 + 0.00 

80-20 2.9 + 0.18 0.55 + 0.04 2.68 + 0.38 1.60 + 0.14 0.18 + 0.04 0.32 + 0.01 

60-40 3.0 + 0.08 0.49 + 0.04 2.58 + 0.06 0.94 + 0.04 0.21 + 0.06 0.28 + 0.01 

50-50 3.2 + 0.25 0.50 + 0.01 2.73 + 0.11 1.03 + 0.37 0.27 + 0.08 0.28 + 0.05 
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Table 2.3. Classes of three parameters of daughter plant quality. Range group is decided 

based on entire population of all treatments. Class is a combination of capital letter of each 

parameter and lowercase letter of range group.  

Groups of 

Range 

Parameter 

Crown Diameter (C) 

Number of Fully Expanded 

Leaves (L) 

Number of Visible Roots 

(R) 

Class Range Class Range Class Range 

Lower 25% Cl ≤ 0.4 cm Ll 1 Rl ≤ 3 

Middle 50% Cm 0.4 cm < Cm ≤ 0.8 cm Lm 2 or 3 Rm 4 < Rm ≤ 9 

Upper 25% Cu > 0.8 cm Lu 4 or 5 Ru > 9 

 

Table 3.1. Root length of diameter class (cm) and dry mass of root (g) of six-week-old 

strawberry plug plants under five protein hydrolysate application rates. Shown are means 

(n=9). Letters indicate significance levels (P < 0.05) tested by LSD.    

Application 

Rate 

% 

Root Length of Classes of Root Diameter/cm 

Root Dry mass (g) 
Class 1  

(0 – 0.15 cm) 

Class 2  

(0.15 – 0.3 cm) 

Class3  

(0.3 – 0.45 cm) 

Class4  

(>0.45 cm) 

0 763.2 b 457.7 b 125.1 a 143.2 a 0.17 a 

0.1 783.5 b 635.7 a 165.2 a 178.2 a 0.18 a 

0.3 1163.6 a 591.7 ab 138.8 a 137.4 a 0.16 a 

0.6 939.4 ab 560.6 ab 152.8 a 156.1 a 0.17 a 

1.0 924.7 ab 646.8 a 149.0 a 146.2 a 0.17 a 
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FIGURES 

 

 
 

 

Figure 1.1. Stolon with daughter plants attached (A) and a daughter plant (B). In (A), the 

larger daughter plant is the first one formed at an even node after two internodes. The first odd 

node generates another sympodial unit as a secondary stolon. In (B), the daughter plant has three 

fully expanded leaves and visible roots.  
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Figure 1.2. Total average number stolons harvested in 7-day, 21-day, and 63-day treatments 

(A) and cumulatively weekly production rate of stolon (ST) from mother plants in three 

treatments (B). Shown are average and standard deviation (n=12). Letters indicate significance 

levels (P < 0.05) tested by LSD. Rectangles on dotted line:7-day interval,  ST = 1.35 + 1.03Week 

(R2 = 0.991, P<0.05);Triangles and dash line: 21-day interval, ST = 0.64 + 1.13Week (R2 = 

0.996, P< 0.05); Rectangles on solid line: 63-day interval, ST = 0.51 + 1.46Week – 0.06Week2 

(R2 = 0.992, P = 0.087). 
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Figure 1.3. Average total number of daughter plants harvested in 7-day, 21-day and 63-day 

treatments (A) and cumulative weekly production rate of daughter plants (DP) from 

mother plants in three treatments (B). Shown are mean and standard deviation (n=12).  Letters 

indicate significance levels (P < 0.05) tested by LSD. Black dots and dotted line are 7-day 

interval data, DP = -1.13 + 1.51Week (R2 = 0.980, P-value of interception and slope is less than 

0.05). Triangles and dash line are 21-day interval data, DP = -5.12 + 3.09Week (R2 = 0.989, P-

value of interception and slope is less than 0.05). Rectangles and solid line are 63-day interval 

data, DP = 1.94 – 2.28Week + 0.87Week2 (R2 = 0.998, P-value of interception is 0.237, P-value 

of both slopes are less than 0.05). 
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Figure 1.4. All daughter plants harvested from one stolon in 63-day treatment. The first 

daughter plant on the top right is the first daughter plant formed on the stolon. The order of 

daughter plant is from the right to the leaf on the top row and the right to the left on the bottom 

row.  
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Figure 1.5. Heat map of percentage of daughter plant in each plant part category. A 

combination of four classes is one category describing the feature of daughter plant (The range 

of each class symbol see in Table 1.3). Each rectangle is the combination with the parameter 

classes of the corresponding row and column. Rectangle without color represents zero daughter 

plant produced in the corresponding category. Darker color is higher percentage accounting for 

daughter plants harvested at each stolon removal interval. The number in each cell is the 

corresponding percentage (in %). 
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Figure 1.6. Daughter plant percentage of selected categories in three treatments. Selected 

category has more than 10% daughter plant produced in one treatment. Shown are mean and 

standard deviation (n=12). No data is generated from 63-day treatment in category “Cu-Lm-Rl-

Dm”. One-way ANOVA, letters indicate significance levels (P < 0.05) tested by LSD within one 

category. 
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Figure 2.1. Average total number of inflorescences produced per plant during 12 weeks 

after transplanting (A) and cumulative weekly production rate of inflorescence (INFL) 

under four nitrate and ammonium ratio (B). Shown are mean and standard error (n=10). One-

way ANOVA, letters indicate significance levels (P < 0.05) tested by LSD. Solid circle and 

dotted-dashed line: 100-0 treatment, INFL = 1.81 – 0.88 Week + 0.12 Week2 (R2 = 0.968, P < 

0.05); Solid rectangles and solid line: 80-20 treatment, INFL = 1.30 – 0.75 Week + 0.12 Week2 

(R2 = 0.992, P < 0.05); Empty rhombus and dashed line: 60-40 treatment, INFL = 1.33 – 0.53 

Week + 0.08 Week2 (R2 = 0.979, P < 0.05); Solid triangle and dotted line: 50-50 treatment, INFL 

= 1.22 – 0.63 Week + 0.08 Week2 (R2 = 0.911, P < 0.05). 
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Figure 2.2. Average total number of daughter plant produced per plant during 12 weeks 

after transplanting (A) and cumulatively weekly production rate of daughter plant (DPL) 

under four nitrate and ammonium ratio (B). Shown are mean and standard error (n=10). One-

way ANOVA, letters indicate significance levels (P < 0.05) tested by LSD. Solid circle and 

dotted-dashed line: 100-0 treatment, DPL = – 7.54 + 2.31Week (R2 = 0.998, P < 0.05); Solid 

rectangles and solid line: 80-20 treatment, DPL =  – 0.92 +2.58 Week (R2 = 0.994, P < 0.05); 

Empty rhombus and dashed line: 60-40 treatment, DPL = –9.68 + 2.67 Week (R2 = 0.988, P < 

0.05); Solid triangle and dotted line: 50-50 treatment, DPL = – 8.5 + 2.40 Week (R2 = 0.995, P < 

0.05). 
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Figure 2.3. Heat map of percentage of daughter plant in each phenological category. A 

combination of three classes is one category describing the feature of daughter plant. (The range 

of each class symbol see in Table 2.3). Each rectangle is the combination with the parameter 

classes of the corresponding row and column. Rectangle without color represents zero daughter 

plant produced in the corresponding category. Darker color is higher percentage accounting for 

daughter plants harvested at each stolon removal interval. The number in each cell is the 

corresponding percentage (in %). 
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Figure 3.1. Total root length of six-week-old strawberry plug plants under five PHs product 

application rates (A) and Picture of plug plants sprayed with 0%, 0.3%, 0.6%, 1.0% PHs 

product (from left to right) (B). Shown are mean and standard deviation (n=9). One-way 

ANOVA, letters indicate significance levels (P < 0.05) tested by LSD.  
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