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Abstract 

Phylloxera is an important pest infesting foliage of North American native Vitis species 
and cold-hardy hybrids between V. vinifera and V. riparia. Currently, chemical control is 
the only commonly used management method. There is a need to development integrated 
pest management strategies including the use of resistant varieties (Chapter 1). The 
effects of foliar phylloxera infestations on four grape varieties were a numeric reduction 
in unit yield of cluster weight, photosynthesis rate, and photosystem II efficiency. This 
reduction in cluster weight can be economically important to growers (Chapter 2). Most 
genetic studies in grape for resistance to phylloxera limited to the root. A previous study 
using a population, GE1025 (N=~125), detected the first quantitative trait locus (QTL), a 
~15-cM region, for foliar resistance on chromosome 14. To fine map the QTL, a larger 
population, GE1783 (N=~1023), was created and genotyped with the rhAmpSeq 
technology with conserved haplotype markers across Vitis species. Through selective 
phenotyping using a 0-7 severity rating scale among other phylloxera severity traits on 
188 potential recombinants of GE1783, we fine mapped the QTL to 2.1-4.9 Mbp on 
chromosome 14. A most probable candidate resistance gene plays a role in gallic acid 
formation (Chapter 3). To investigate antixenosis as a possible resistance mechanism, 
leaf trichome density was mapped in GE1025 with genotype-by-sequencing and 
phenotypic scores collected using a 0-6 trichome density scale at several leaf positions. 
Evaluations were done on forced dormant cuttings in two years and on field-grown leaves 
in one year. There was a ~ -0.2 correlation (r) between trichome density and phylloxera 
resistance. Two regions on chromosomes 1 and 10 were repeatedly detected for multiple 
trichome density traits. We fine mapped the chromosome 1 QTL to a 140-kb region using 
selective phenotyping in GE1783. We found insertion/deletion variations of the parents 
of the population in one candidate pseudogene in this region and three other candidate 
genes proposed previously (Chapter 4). In all, we identified closely linked markers that 
can be used for marker-assisted breeding for foliar phylloxera resistance to improve the 
cold-hardy hybrid grape germplasm and potential candidate resistance genes for future 
investigations. 
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Chapter 1 Grape phylloxera, Daktulosphaira vitifoliae Fitch (Hemiptera: 

Phylloxeridae), on cold-hardy hybrid wine grapes (Vitis spp.): A review of pest 

biology, damage, and management practices  

Published as: Yin, L., M.D. Clark, E.C. Burkness, and W.D. Hutchison. 2019. Journal of 

Integrated Pest Management 10(1): 1–9. 

Introduction  

Grape phylloxera, Daktulosphaira vitifoliae (Fitch) (Hemiptera: Phylloxeridae), is a 

potentially damaging pest of cold-hardy hybrid grapes (Vitis spp.). Grape phylloxera 

belongs to the family Phylloxeridae in the order Hemiptera and is closely related to 

Aphididae (the true aphids) (Ortiz-Rivas and Martínez-Torres 2010). While capable of 

sexual recombination that gives rise to new virulent biotypes, grape phylloxera is also 

capable of asexual reproduction that give rise to multiple overlapping generations and 

extremely large populations (Pedigo and Rice 2009; van Emden and Harrington 2017). 

Historically, grape phylloxera has caused devastating damage by infesting roots of 

European Vitis vinifera. This domesticated grape species of Eurasian origin possesses 

excellent wine quality traits but the roots lack resistance to grape phylloxera infestations. 

Hybrid grapes have subsequently been bred to combine quality traits from European V. 

vinifera with traits such as root phylloxera resistance, cold-hardiness, and fungal disease 

resistance from native North American Vitis species (Hemstad and Luby 1998). 

However, foliage of hybrid grapes is generally susceptible to grape phylloxera. Grape 

growers in cold climate regions where hybrid grapes are prevalent (e.g. the Midwest 

U.S.) are expressing their concerns about this potential pest.  

In the native range of North America, grape phylloxera densities can be particularly high 

in  the north central and north eastern U.S. where V. riparia and hybrid varieties 

dominate (Downie et al. 2000; Granett et al. 2001). Grape phylloxera biotype D infests 

the foliage of these native Vitis species (Forneck et al. 2016, 2017). Several hybrid 

varieties that were most susceptible to foliar grape phylloxera were also among the most 

promising varieties for wine production (Jubb 1976). Widely grown in the Midwest, a 

hybrid wine variety ‘Frontenac’ (V. riparia × Landot 4511 developed at University of 

Minnesota) possesses excellent cold-hardiness and unique aroma but its foliage is 
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susceptible to grape phylloxera. This review intends to provide grape growers in the 

Midwest, extension professionals, and Integrated Pest Management (IPM) practitioners a 

systematic review of management practices for foliar grape phylloxera. Due to the 

limited literature available, inferences are drawn from Vitis species grown in western and 

southern North America, Europe, Australia, and elsewhere. 

Although the focus of this article is on foliar grape phylloxera, it would be remiss if we 

did not mentioned root grape phylloxera. The European wine industry, where V. vinifera 

varieties predominated was nearly destroyed in the late 19th century by grape phylloxera 

root infestations (Ordish 1987). Grape phylloxera was brought to France in the 1860s on 

American grape varieties in an effort to develop hybrids with disease resistances. A loss 

of green color and dryness of the leaves was noticed, hence the name “phylloxera” 

(Greek “dry leaf”), and this problem spread across the whole vineyard and soon 

throughout many vineyards in Europe (Ordish 1987). It took nearly seven years to reach a 

scientific consensus that grape phylloxera was the cause of the problem since this 

underground pest had a small size and the predominant view of disease in early 19th-

century France was due to disequilibrium as opposed to an external agent (Gale 2003). 

Between 1878 to 1893 in France alone, 40% of the vines were killed, causing a $2.3 

billion loss during that time, not including chemical control and research cost (Ordish 

1987). Among all control measures undertaken, grafting onto resistant American 

rootstocks has shown well-documented success in the last century (Granett et al. 2001). 

Efforts have been made to breed for own-rooted resistant hybrid varieties using resistant 

North American species/varieties (Granett et al. 2001; Gale 2003). Thus, grafting is 

usually unnecessary on hybrid varieties in the Midwest with root resistance/tolerance, 

which eliminates some challenges of grafting. 

There are several lessons to be learned from the root grape phylloxera crisis. First, grape 

phylloxera was a damaging pest to grape roots when left unmanaged and a lack of 

continuing research creates a void for future solutions. This scenario can happen to grape 

foliage. Second, it raises concerns for any control strategy that relies on a single method. 

Because of the reliance on resistant rootstocks, few alternative control measures have 

been investigated (Wapshere and Helm 1987), leading to concerns about the 
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sustainability of this management approach. In fact, there is evidence that some resistant 

rootstocks have started to fail. For example, AXR#1, a V. vinifera × V. rupestris hybrid 

resistant rootstock released after the outbreak, has failed to resist root infestation in 

numerous countries where virulent grape phylloxera biotypes have been documented 

(Granett et al. 2001). Currently, the control of foliar grape phylloxera relies heavily on a 

limited number of insecticide products with active ingredients such as acetamiprid and 

spirotetramat. Although effective, reliance on insecticide application creates selection 

pressure for development of insecticide-resistant biotypes of grape phylloxera.  

For grape production regions in North America where native Vitis species and hybrids 

predominate, root infestations are less of a concern than leaf infestations. Leaf galls 

persist through the growing season on native Vitis and hybrid grapes. Root gall symptoms 

are classified as either tuberosities or nodosities. Tuberosities are the more economically 

damaging type that is formed on lignified root tissues that can expose the vascular system 

to secondary infections (Witiak 2006). Tuberosities are more of a concern on V. vinifera. 

Root infestations of North American Vitis species are mostly limited to nodosities, which 

are formed on non-lignified tissues as hooked galls (Witiak 2006). Nodosities are usually 

tolerated by the vine without substantial damage.  

There seems to be a trade-off between a grape species’ resistance to leaf infestations and 

to root infestations. Species like V. riparia and V. rupestris are quite susceptible to leaf 

infestations and have low numbers of root galls or nodosities and have been used as the 

basic rootstocks to control root infestation (Wapshere and Helm 1987). Species like V. 

aestivalis and V. lincecumii, infested by foliar phylloxera to a lesser extent, have an 

appreciable number of root galls (Wapshere and Helm 1987). In support of this 

phenomenon, there were no North American grape species or hybrid varieties observed to 

be heavily infested by both leaf and root galls (Wapshere and Helm 1987). Wapshere and 

Helm (1987) proposed that grape phylloxera infests foliar susceptible species like V. 

riparia in spring and summer and shifts to root susceptible species like V. labrusca and 

V. aestivalis from autumn to early spring when foliage is not available. In other words, 

grape species may behave like alternative hosts that support different stages of grape 

phylloxera life cycle. It is particularly true in the north eastern U.S. where V. vinifera, 
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resistant and susceptible hybrid varieties are grown in the same vineyard, which is often 

surrounded by native Vitis species that can serve as alternative hosts to the pest. On the 

other hand, foliar infestation was observed to promote root infestation (Stevenson 1963) 

and the relationship between foliar and root resistances seems to be more complex.  

Resistance to leaf and root galling are under separate genetic control (Clark et al. 2018; 

Roush 2006), and it might be possible to incorporate foliar resistance into the existing 

root resistant hybrid varieties. Clark et al. (2018) found a major genetic resistant region 

on chromosome 14 in a cold-hardy hybrid grape population segregating for foliar 

resistance suggesting a major resistant gene. Rdv1, which is a candidate gene for root 

resistance, is a nucleotide-binding site leucine-rich repeat (NBS-LRR) gene, similar to 

genes involved in gene-for-gene interactions in many fungal or bacterial resistances 

(Hausmann et al. 2014). It has yet to be determined if this type of gene is responsible for 

foliar genetic resistance and it could lead to the breeding for a grape variety resistant to 

both foliar and root infestations. 

Biology, Life cycle, & Environmental influence 

Because of its small size, grape phylloxera is barely detectable to the naked eye. The size 

of grape phylloxera ranges from 250 to 300 µm for the egg, 780 - 1100 µm for the 

nymph, and 800 to 1500 µm for the adult (Kingston and Powell 2007; Forneck and Huber 

2009; Millington and Townsend 1984). The size of grape phylloxera found in Minnesota 

was similar to the literature for the egg and smaller for the nymph and adult (Figure 1.1). 

Newly laid eggs are lemon yellow in color and as the embryos develop, the eggs become 

darker in color and red eye spots become visible (Figure 1.1C; Millington and Townsend 

1984). Nymphs are similar in color except that they have an orange prothorax and 

abdomen with piercing-sucking mouthparts necessary for feeding (Figure 1.1A and B; 

Millington and Townsend 1984). There are four nymphal instars before grape phylloxera 

become adults (Granett et al. 2001). Adults are slightly shorter than nymphs with longer 

antennae, grayish head, and dark thorax (image not shown; Millington and Townsend 

1984). In contrast to the barely detectable insect, the galls that grape phylloxera form are 

very characteristic. Galls can form on expanding new leaves, stems, tendrils, and roots of 

susceptible varieties (Figure 1.2; Witiak 2006). 
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Because of limited knowledge of the grape phylloxera life cycle on native Vitis species or 

hybrid grapes in the Midwest, inferences are made from comparable regions. For 

example, in Arkansas, in April, a single dormant egg hatches into a female crawler 

(wingless) under the bark of the susceptible grape trunk (Johnson et al. 2010). The female 

finds and infests new expanding leaves by forming a gall. After four nymphal stages, the 

female matures into a fundatrix (or stem mother) and asexually produces 100 to 300 eggs 

of second generation females (Johnson et al. 2010). In late May or early June, second 

generation eggs hatch and females depart from mother galls to infest expanding leaves 

(Johnson et al. 2010). Throughout the summer, in California and Austria, four 

generations of asexual females can be produced (Forneck and Huber 2009; Granett et al. 

2001). Some of these females disperse through the wind and/or farming equipment to the 

ground and infest available grape roots where asexual cycles of these female crawlers 

persist (Granett et al. 2001; Forneck and Huber 2009; Powell et al. 2013). In mid-summer 

to late fall or under stressful conditions, female alates (winged and non-feeding with 

similar size to the adult; Figure 1.1D) are produced and emerge from the ground and 

migrate to woody parts of the vine (Forneck and Huber 2009, Granett et al. 2001). These 

alates lay eggs of two different sizes which hatch into male and female sexuals (Granett 

et al. 2001; Downie and Granett 1998). Sexuals can also be produced by wingless asexual 

females on the foliage (Downie and Granett 1998). These non-feeding, immobile sexuals 

mate to produce overwintering eggs that become the fundatrix the following year 

(Granett et al. 2001). Alternatively, grape phylloxera can overwinter in Pennsylvania as 

nymphs on the roots (Jubb 1971). The complete life cycle applies to many native Vitis 

species and hybrid grapes in the Midwest and comparable regions, but may not apply to 

some species. 

An array of environmental factors affect grape phylloxera development and density. 

These environmental factors include day length, humidity, temperature, soil salinity, 

ionic content, pore size, clay content, nutrient availability, pH, and CO2 (Benheim et al. 

2012, Powell et al. 2013). Among these factors, humidity and temperature are most 

commonly mentioned in the literature as affecting grape phylloxera development. Foliar 

gall formation tends to be favored by high humidity and cool temperature (Benheim et al. 

2012, McLeod 1990, Powell et al. 2013). We also found day length to be an important 
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factor. We have been able to rear grape phylloxera in Minnesota on ‘Frontenac’ foliage in 

a controlled environment at 20 ˚C and 70% humidity under 16-hour day-length. 

Knowledge of grape phylloxera life cycle and environmental influences is important to 

make informed management decisions. Management efforts in North America should not 

only focus on asexual stages, but also sexual stages of grape phylloxera. Grape 

phylloxera genotypes varied across different sites in Europe, suggesting a lack of sexual 

recombination (Vorwerk and Forneck 2006). On the contrary, sexual recombination is 

common in North America (e.g. central and eastern U.S.) in addition to asexual cycles 

(Lund et al. 2017). Since sexual recombination allows for recombination of virulent 

genes leading to new genotypes/biotypes, effective management in North America should 

focus on preventing grape phylloxera from reaching the sexual stage.  

To prevent grape phylloxera from undergoing sexual recombination, management should 

focus on minimizing the abundance of asexual stages early in the season that should in 

turn reduce alate production. Both foliar asexuals and alates can give rise to sexuals. The 

number of eggs laid by foliar asexual females that give rise to sexuals ranges from 1 to 63 

while that laid by female alates is only 4 to 8 (Forneck and Huber 2009). While 

management of foliar asexuals is discussed in the following sections, no specific 

management methods for alates has been developed. However, management decisions 

can be informed by the knowledge of environmental factors favoring alate formation. 

Environmental influences like high moisture (together with degraded root quality), short 

day-length, and low temperatures might stimulate alate formation (Forneck and Huber 

2009, Granett et al. 2001). These environmental conditions are similar to fall in 

Minnesota suggesting it is important to take monitoring and control actions for alates 

before fall. As not many methods have proved to be effective for managing alates, it 

further emphasizes the importance of maintaining low asexual population numbers early 

in the season.  

Damage from Gall Formation 

The effect of foliar grape phylloxera infestation on fruit yield and quality need to be 

better understood. The direct outcomes of foliar grape phylloxera infestation are leaf 

distortion, necrosis, early defoliation, and a reduction in photosynthesis (Stevenson 1966; 
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McLeod 1990). In ‘Seyval’, as the number of galls increased, photosynthesis rate 

decreased logarithmically, indicating a severe impact even at low grape phylloxera 

density (McLeod 1990). This reduction in photosynthesis may or may not lead to a 

reduction in fruit yield and quality. Some studies found that cluster weight, berries per 

cluster, and soluble solids were significantly reduced by leaf galling (McLeod 1990; 

Schvester 1959). Other studies found that yield and quality traits were not altered 

(Stevenson 1969). In all, it seems that the vine, regardless of the variety, is able to 

tolerate a certain amount of leaf galling before economic damage occurs. Currently, 

economic thresholds are unknown and threshold establishment has been made difficult by 

variability of gall density among years (McLeod 1990) and by the nature of grapevines 

being regularly pruned and hedged in the summer. A better understanding of how damage 

occurs (e.g. based on number of galls per leaf) will inform better management decisions 

(Granett et al. 2001). 

Leaf gall formation is a complex process. A continuous probing by the nymphal grape 

phylloxera was necessary for gall formation (Witiak 2006). Grape phylloxera inserts its 

stylet into the third to sixth layer of the parenchyma cells of the young leaf tissues, 

through which stimuli believed to be of a chemical nature (i.e. effectors) are injected 

(Witiak 2006). Young leaf tissues are required because they are undifferentiated and have 

the potential to give rise to the more complex galled tissue (Witiak 2006). The effectors 

have been proposed to be a lipid molecule, certain amino acids, enzymes, auxin (IAA), or 

cytokinin (Witiak 2006; Giron et al. 2016). One proposed amino acid is a plant protein 

mimic, which is essential in hormonal signaling, plant development, and defense (Giron 

et al. 2016). Galled tissues have increased stomata formation on the adaxial side of the 

leaf which typically does not have stomata, as a manifestation of reprogramed primary 

and secondary metabolism (Nabity et al. 2013).  

A closer look at gall formation will help identify the features of the pest that can be 

targeted, but there are several challenges. If the effector of grape phylloxera that 

stimulates gall formation is identified, grape phylloxera biotypes lacking this effector can 

be released into the target environment to allow sexual recombination to produce non-

virulent biotypes. The challenges of identifying effectors include difficulties in collecting 
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the small amount of saliva, mimicking grape phylloxera probing behavior at the right 

stage, and ensuring access to young leaf tissues (Witiak 2006). But with the advances in 

technologies, grape phylloxera genome sequence is becoming available (Forneck et al. 

2017) which, together with genomes of other aphid species, can serve as useful resources 

and references. 

Galls are hypothesized to provide grape phylloxera protection from predators, a suitable 

environment to develop and reproduce, and/or enriched nutrition (Witiak 2006; Nabity et 

al. 2013). Trichomes formed at the gall opening are supportive of a protective role. An 

enclosed environment can also maintain a humid environment favorable to the galling 

insect (Witiak 2006). Witiak (2006) favored the enriched-nutrition hypothesis evidenced 

by the plant shifting from an autotrophic behavior to a heterotrophic one and galls being 

nutrient sinks enriched with carbohydrates and proteins, similar to fruits/seeds. 

Breeding for Resistant Varieties 

Susceptibility to grape phylloxera infestation is indeed dependent on the grape variety 

(i.e. different genetics). Foliage of many North American native grape species such as V. 

riparia, V. vulpina, and V. rupestris are quite susceptible to grape phylloxera. Other 

native species (e.g. V. aestivalis and V. cinerea) are less susceptible and V. labrusca (or 

varieties with a strong V. labrusca lineage) are resistant (Downie and Granett 1999; 

Downie et al. 2000; Wapshere and Helm 1987; Domoto et al. 2016). Vitis vinifera 

varieties like ‘Cabernet Sauvignon’ and ‘Chardonnay’ were consistently observed to have 

light leaf infestations and most galls formed were incomplete (Jubb 1976). Specific to the 

Midwest, a number of cold-hardy grape varieties with variable resistance to grape 

phylloxera are actively involved in breeding programs (Table 1.1). We observed that 

varieties like Edelweiss (V. riparia and V. labrusca derived) exhibit incomplete gall 

formation and reduced number of galls. 

Breeding for foliar grape phylloxera resistant hybrid grape varieties in the Midwest can 

be readily implemented on existing materials. Planting resistant/partially resistant 

varieties such as V. aestivalis, V. cinerea, and V. vinifera is one management method for 

grape phylloxera. Yet existing hybrid grape varieties have already been bred with 

advantages of both native Vitis species and V. vinifera such as root phylloxera resistance, 
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other adaptable traits to local cold climate, and wine quality traits. Introducing foliar 

phylloxera resistance to existing materials is one step closer to the development of a 

promising variety. Much of the breeding of resistant grape varieties relies on 

conventional breeding, where genetic engineering is rare in grape breeding due to 

consumer acceptance. Marker-assisted selection (MAS) can speed-up conventional 

breeding by introducing identified genetic regions into existing hybrid grape materials. 

The foliar grape phylloxera resistant region identified on chromosome 14 using cold-

hardy grape materials is a potential MAS region (Clark et al. 2018). Identification of 

effective genetic markers at this region is necessary. 

In addition to identification of genetic markers, a better understanding of genetic foliar 

resistance in terms of accurate resistant phenotypes to measure and resistance 

mechanisms is needed to breed for a resistant variety. Resistant phenotypes on the foliage 

include reduced number of galls, incomplete gall formation (Figure 1.3), tolerance of gall 

formation without substantial damage to the vine (e.g. AXR#1 resistant rootstocks), and a 

hypersensitive response (Powell 2008; Wapshere and Helm 1987). Reduced gall number 

might be due to a higher leaf trichome density that impedes the spread of the crawlers, as 

plants with thick pubescent leaves are not preferred by the pest (Millington and 

Townsend 1984). We also observed that plants with simple trichomes on the abaxial leaf 

side exhibited reduced number of galls per leaf, even though leaf trichomes are under 

different genetic control from those of foliar phylloxera resistance (unpublished data). 

Incomplete gall formation might be due to production of antimicrobial compounds. 

Caryophyllene, methyl esters, and certain flavonoids might be responsible for root 

phylloxera resistance (Du et al. 2009; Benheim et al. 2011). A hypersensitive response 

(HR) is often accompanied by a necrotic response and the production of toxic metabolites 

(Cornelissen et al. 2002). The necrotic response is a result of an excessive oxidation of 

polyphenolic compounds to confine the attacking agent at the attacked tissue 

(Cornelissen et al. 2002). HR is often highly specific, elicited by a pathogen effector 

interacting with products of single resistance genes (e.g. NBS-LRR genes) of the plant 

(Jones and Dangl 2006). HR was noted in leaves of some resistant grape varieties (Börner 

and Schilder 1934). The resistance mechanism might be a mixture of several of these 

factors. 
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Environmental differences make the study of host genetic resistance challenging. For 

example, species like V. aestivalis and V. cinerea that were not susceptible to foliar 

phylloxera in Europe were susceptible in North America, indicating environmental 

differences could play a role (e.g. Wapshere and Helm 1987). Although resistance to 

foliar infestations is likely controlled by a single gene, crosses within North American 

varieties and between V. vinifera and native Vitis species show intermediate levels of 

foliar phylloxera resistance (e.g. Wapshere and Helm 1987). The intermediate levels 

observed could be due to differences in the environment or differences in the grape 

phylloxera genotype, making the single-gene resistance phenotype behave as that of a 

quantitative trait. 

In the Midwest, the native range of the pest, breeders are faced with unique challenges 

where there is the potential for more pest genotypes. Lund et al. (2017) performed 

clustering and principal coordinate analysis on grape phylloxera samples collected across 

North America and found that host- and climate- based selective pressures might be 

responsible for creating new phylloxera genotypes. Even if the release of a grape 

phylloxera resistant variety is possible, there is constant pressure of the pest in its native 

range, potentially resulting in a faster rate of pest biotypes overcoming the host 

resistance. Given grape phylloxera sexual recombination is common in North America, 

the virulent genes to different native grapes can be readily recombined, creating new 

virulent biotypes. It is necessary to breed for durable resistances either a hybrid variety 

with multiple genes from different resistant sources or multiple grape varieties that are 

resistant to different grape phylloxera genotypes. It is also recommended that the planting 

of resistant varieties be implemented with chemical control and/or cultural tactics to 

achieve a sustainable IPM management program.  

Monitoring Methods 

In general, it is advised to examine the vines for signs of galls early in the season and 

take corresponding management actions. The galls have an opening, usually covered with 

leaf trichomes, on the adaxial side of the leaf (Figure 1.2C) and can have a pinkish 

underside in the early stages of development. Control may be difficult or impractical late 

in the season due to the build-up of overlapping asexual generations, sexuals, and alates 
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later in the season (Stevenson 1966). For example, insecticide applications early in the 

season help to ensure good spray coverage on the pre-bloom shoots versus a larger zone 

of foliage later in the season.  

To monitor grape phylloxera development and generational progress, it is recommended 

to keep a record of degree days (DDs) as heat accumulation drives plant development 

(Herbert et al. 2006). Degree days are calculated by accumulating the average daily 

temperature minus a base temperature, below which no development occurs. Johnson et 

al. (2010) suggested a degree day model with a base temperature of 43˚F and a biofix 

date (when the accumulation of degree days begins) of late March to early April when the 

first grape leaves begin to expand in Arkansas. The biofix date usually does not occur 

until May in Minnesota. One shall target the more active stages of the pest, which are the 

feeding, nymphal stages, before its highest abundance. Within the nymphal stages, 

second generation crawlers emerge from galls at approximately 550-800 DDs in 

Arkansas and represent the most active galling stage on susceptible grape foliage 

(Johnson et al. 2010). In Minnesota (Excelsior), we observed the emergence of second 

generation crawlers to be within that range which was around late May to early June. 

Therefore, it is recommended to start scouting for crawlers and/or immature galls twice 

per week from 450-800 DDs to exploit this window of vulnerability while nymphs are 

not yet protected by a gall (Johnson et al. 2010). Stevenson (1966) advised to examine 

vines for signs of galls when shoots have 5 – 7 leaves and, if necessary, again when 

shoots have 12 leaves.  

Different traps can also be used to monitor the insect. Emergence traps or pitfall traps can 

be placed at the soil surface to monitor dispersal stages of grape phylloxera (Benheim et 

al. 2012, Powell et al. 2013). Although its density tends to be highest at the periphery of 

epicenters, grape phylloxera generally has a non-uniform distribution in vineyards 

(Granett et al. 2001). Sticky traps can be placed around vine trunks, within or above the 

canopy to monitor key risk windows of transferring grape phylloxera during normal 

vineyard operations (Powell et al. 2013). Because emergence and sticky traps both 

monitor the dispersal stages of grape phylloxera, direct plant observation seems by far the 

most efficient means of monitoring the most abundant asexual stages. Emergence and 
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sticky traps are, however, important monitoring applications in North America where 

sexual stages are common. 

Chemical Control 

The use of insecticides is the most commonly implemented control practice for foliar 

grape phylloxera. A variety of options are available in the Midwest, and active 

ingredients and application information are provided (Table 1.2). Many of these 

chemicals also control other common viticultural pests such as Japanese beetle Popillia 

japonica (Coleoptera: Scarabaeidae), and Drosophila fruit fly species (Diptera: 

Drosophilidae) (Bordelon et al. 2018). Thus, control of grape phylloxera can be readily 

integrated into existing pest management programs.  

Among insecticide options to manage foliar grape phylloxera, Movento® (Bayer Crop 

Science, NC) and Danitol® (Valent, CA) show the greatest promise. Both were shown to 

be better than/similar to Assail® and Admire Pro® among other insecticides in V. 

aestivalis and hybrid ‘Norton’ (V. labrusca × V. vinifera) (D. T Johnson et al. 2009). 

Movento® or spirotetramat is a group 23 (acetylCoA carboxylase inhibitors) systemic 

insecticide that was developed in the last decade (Table 1.2). Movento® has since been 

used to control foliar grape phylloxera in the U.S. and Canada on susceptible varieties 

(Benheim et al. 2012). As a weak acid, Movento® moves with sugars produced in the 

leaves to other areas of the plant through phloem. Danitol® or fenpropathrin is the fourth 

and current generation of pyrethroids, a group 3 (sodium channel modulators) insecticide 

(Table 1.2). As Movento® and Danitol® belong to different mode of action groups, they 

can be used in rotation in successive applications to control foliar grape phylloxera (The 

Insecticide Resistance Action Committee codes 2018).  

Reliance on chemical spray puts the pest under a heavy selection pressure to develop 

insecticide resistance. To mitigate the development of resistance, in addition to rotating 

insecticides with different mode of action, investigating more alternatives is another 

option. As seen in Table 1.2, the number of available products with different mode of 

action is limited as the majority of the products are either group 4 (nicotinic acetylcholine 

receptor agonists) or group 3 (sodium channel modulators). Sevin® (active ingredient: 

carboaryl) and jasmonic acid are alternatives that have the potentials to control foliar 
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grape phylloxera. Sevin®, which belongs to a different group of insecticide (group 1 - 

acetylcholinesterase inhibitors), was observed to control foliar grape phylloxera. 

Jasmonic acid, which was involved in the jasmonate defense pathway, reduced the 

numbers of grape phylloxera eggs and nymphal instars when applied on grape roots 

(Omer et al. 2000). No more than two applications per season are allowed for either 

Movento® or Danitol®. A second application of Movento® did not result in a significant 

difference in gall formation compared with single applications but did result in the fewest 

new galls formed (Williams et al. 2010). Because there is no economic threshold 

established for grape phylloxera, it is advised to plan to spray only when there are signs 

of galls on the foliage within the degree day windows as described above. Depending on 

the pest pressure at the vineyard, this might mean spraying every third year. These 

practices help reduce economic costs to the grower and unnecessary hazards to the 

environment.  

Although effective, chemical options have health- and environmental consequences. The 

residual effect of insecticides on grape quality, and thus human health, is unknown 

(Benheim et al. 2012). Movento® is harmful to honey bees and precautions outlined in the 

label should be taken. For example, it is  recommended to mow the vegetation between 

trellises before spraying to eliminate potential blooming plants (Bordelon et al. 2018).  

Other Management Practices 

An IPM treatment (i.e. an insecticide applied based on weekly scouting and an economic 

threshold) had the highest cost effectiveness and profitability compared with insecticidal 

treatments alone (K. D Johnson et al. 2009). Several cultural control measures are 

reported, including selection of vineyard site, flooding of vineyards, and application of 

composts or nutrient fertilizers. If possible, it is recommended to select vineyard sites 

with sandy and/or loam soils where grape phylloxera survival on the root is low (Granett 

et al. 2001, Powell et al. 2003). This explains why there is increased grape phylloxera 

abundance from the arid south to the less arid north in North America (Downie et al. 

2000). Flooding in winter months controls the root stage of grape phylloxera but it seems 

to be unrealistic in cold climate regions (Granett et al. 2001). Grape-pomace mulch, 

spruce sawdust, suppressive soils, and lectins are potential composting options but there 



   

14 
 

is no method that provides consistent suppression (Benheim et al. 2012, Powell et al. 

2013). Well-fertilized, vigorous vines tend to be more readily infested with root and leaf 

galls than stressed vines as is the case in California and Arizona (Granett et al. 2001). But 

reduced nodosity formation was observed following nitrogen fertilization (Powell et al. 

2013). The exact role of nitrogen fertilization in grape phylloxera development needs to 

be further investigated. 

Quarantine protocols have been developed in several countries (Powell et al. 2013). 

Vineyard operations and human activities seem to play an important role in grape 

phylloxera dispersal (Powell et al. 2013). Additionally, Kingston and Powell (2009) 

reported that root grape phylloxera is able to survive without nutrients up to 9 days. A 

vineyard with a few symptomatic vines may have infestations on the majority of the vines 

posing a risk for human-aided dispersal (Granett et al. 2001). These results suggest that 

sanitation/disinfection is important. It is recommended to sanitize tools, clothing, and 

footwear using insecticides or hot water around 50˚C but recommendations vary 

internationally (Powell et al. 2013). As grape growers in the Midwest are faced with not 

only grape varieties, but also native Vitis species which can serve as reservoirs for grape 

phylloxera, preventing the spread of grape phylloxera is crucial. It is recommended to 

establish vineyards at sites away from native vines and/or prune adjacent native vines and 

use pesticides on these native vines when control options are being implemented in the 

vineyard. Quarantine methods, even though unlikely to suppress grape phylloxera 

infestations, seem to prevent or slow down the spread of infestations. 

Biological control is a potential management method, even though currently it is not 

effectively implemented. There are some promising predators of foliar grape phylloxera 

in vineyard ecosystems in North America such as two Dipterans Leucopis simplex and 

Lestodiplosis grassator, two Chamaemyiidae, the mired bug Ceratocapsus modestus, and 

the coccinellid Scymnus cervicalis Mulsant (Benheim et al. 2012, McLeod 1990). A 

nematode strain Oswego Heterohabditis bacteriophora Poinar reduced root grape 

phylloxera populations up to 80% in Petri-dishes but has application difficulties (English-

loeb et al. 1999). Fungi Beauveria bassiana, Metarhizium anisopliae and Paecilomyces 

farinosus also showed promises (Benheim et al. 2012). Benheim et al. (2012) 
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recommended the use of fungal bio-control agents in combination with a sowing machine 

and a rotary harrow. In all, none of these agents are commonly used because of a lack of 

knowledge regarding their reliability. Careful selection of bio-control strains that takes 

ecology and host-specificity into consideration and proper testing are needed.In all, the 

long-term, effective control of foliar grape phylloxera requires an IPM program. One 

implements chemical control, currently the most effective management strategy, based on 

signs of infestation and degree day accumulation, taking into account resistance 

management practices, in combination with cultural practices. Continued investigation 

will provide a better understanding of the damage, pest biology, host genetic resistance, 

and potential bio-control agents and lead to improved management of grape phylloxera 

on cold-hardy hybrid grapes. 
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Chapter 1 Tables and Figures 

 

Figure 1.1. Different morphs of grape phylloxera. A nymph (A & B), eggs and an adult after laying eggs (C) 
of asexual wingless female on foliage of cold-hardy hybrid grapes. An adult with wing pads arising from 
roots of hybrid grapes (D). Images taken under dissecting microscope and processed with MagicMontage 
of ImageJ (Schneider et al. 2012). 
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Figure 1.2. Leaf galls (A & C) and root galls (B & D) formed by grape phylloxera on cold-hardy hybrid 
grapes observed visually (A & B) and under the dissecting microscope (C & D). 

 

Figure 1.3. Incomplete/open (A) and complete/closed galls (B) formed by grape phylloxera on cold-hardy 
hybrid grape leaf. 
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Table 1.1. The susceptibility of cold climate grape varieties to grape phylloxera infestations (Smiley and 
Cochran 2016). 

Susceptible Resistant 

Beta Brianna (foliar) 
Delaware Clinton 
Frontenac (foliar) Louise Swenson 
Frontenac Gris* (foliar) Vanessa* 
King of the North (foliar) Edelweiss (foliar) 
La Crescent (foliar)  
Marquette* (foliar)  
Sabrevois   
*Moderately susceptible/resistant 
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Table 1.2. Insecticides and suggested application information for managing grape phylloxera on foliage in the Midwest U.S. (Bordelon et al. 2018, MacGregor 
n.d., Stevenson 1969, and The Insecticide Resistance Action Committee codes 2018). 

Chemical Timing 
Application 

method 
Rate (/acre) 

Rate limit 
(/acre/year) 

Active Ingredients Mode of Action 

Admire Pro 
Bud break to pre-

bloom 
Soil-applied 7-14 oz 14 oz Imidacloprid 

4A Nicotinic acetylcholine 
receptor agonists 

Movento 
4- to 10-in shoot 
and 30 days later 

Foliar spray 6-8 oz 12.5 oz Spirotetramat 
23 Inhibitors of acetylCoA 

carboxylase 

Assail 30SG 
Pre-bloom and 

10-14 days later 
Foliar spray 2.5-5.3 oz 10.6 oz Acetamiprid 

4A Nicotinic acetylcholine 
receptor agonists 

Danitol 
Pre-bloom and 

10-14 days later 
Foliar spray 10.7-21.33 oz - Fenpropathrin 

3A Sodium channel 
modulators 

Platinum 
Pre-bloom to 

bloom 
Soil-applied 8-17 oz 17 oz Thiamethoxam 

4A Nicotinic acetylcholine 
receptor agonists 

Scorpion 
Pre-bloom to 

bloom 
Foliar- or 

soil-applied 
2-5 oz (foliar); 
9-10.5 oz (soil) 

20.25 oz Dinotefuran 
4A Nicotinic acetylcholine 

receptor agonists 

Endosulfan 
Pre- to post-

bloom 
Foliar spray 8 oz - Endosulfan 

2A GABA-gated chloride 
channel antagonists 

Baythroid - Foliar spray - 12.8 oz Beta-Cyfluthrin 
3A Sodium channel 

modulators 

Brigade - Foliar spray - 
1.6 oz active 

ingredient 
Bifenthrin 

3A Sodium channel 
modulators 

Voliam Flexi - Foliar spray - 9 oz 
Thiamethoxam 

Chlorantraniliprole 

4A Nicotinic acetylcholine 
receptor agonists 

28 Ryanodine receptor 
modulators 



   

 

Chapter 2 Effects of foliar phylloxera infestations on grapevine photosynthesis, 

yield, and fruit quality 

 

Introduction 

Grape phylloxera, Daktulosphaira vitifoliae Fitch (Hemiptera: Phylloxeridae), attacks the 

foliage of Vitis riparia, a grape species native to the Upper Midwest, and many important 

cold-hardy hybrid wine grape varieties (Stevenson 1969; Yin et al. 2019). Phylloxera can 

infest both the root and foliage of grapevines with root infestations better studied due to 

the historic outbreak on Vitis vinifera (Granett et al. 2001). However, phylloxera has been 

more of a problem on foliage of several widely planted cold-hardy hybrid wine grape 

varieties (e.g. ‘Frontenac’ and ‘La Crescent’) in areas with endemic grape phylloxera 

(Smiley and Cochran 2016). There have not been many recent studies on the effect of 

foliar phylloxera infestations on photosynthesis capacity, grape yield, or juice quality 

(Granett et al. 2001; Yin et al. 2019). In addition, studies on these impacts have mostly 

been limited to one variety, making it difficult to quantify the overall effects of 

phylloxera on wine grape. Currently, no economic thresholds have been established for 

foliar phylloxera (Yin et al. 2019).  

Three studies examined the effect of foliar phylloxera infestation on grape yield and 

quality. Schvester (1959), using Seyve-Villard 18-315 (‘Villard noir’), numerically 

determined that vines treated for phylloxera had 15-20% higher yield. In a 3-year 

experiment using ‘Seyval’ (‘Seyval blanc’), McLeod (1990) found that vines artificially 

infested at pre-bloom or post-bloom had significantly reduced cluster weight and berries 

per cluster in at least one year. Schvester (1959) also showed that phylloxera-treated 

Seyve-Villard 18-315 vines had 20% higher soluble solids. Pre-bloom infestations on 

‘Seyval’ resulted in lower soluble solids in two years (McLeod 1990). However, 

Stevenson (1969) did not find differences in soluble solid content or wine sensory quality 

between post-bloom endosulfan treated and nontreated ‘Maréchal Foch’, Seibel 7053 

(‘Chancellor’), and Seibel 5279 (‘Aurore’). In all, pre-bloom infestations were more 

likely to result in reductions in cluster weight, number of berries per cluster, and soluble 

solid content under normal or wet summer conditions. 



   

 

Galled leaf tissues tend to have a reduced photosynthetic rate (McLeod 1990; Nabity et 

al. 2013; Rilling and Steffan 1978). Photosynthetic rate of infested leaves was lower than 

uninfested leaves of ‘Seyval’ at 2-4 weeks after infestation (McLeod 1990). McLeod 

(1990) also found that adjacent, uninfested leaves of infested vines had lower 

photosynthetic rate than that of uninfested vines but this reduction became non-

significant 4 weeks after infestation. Gall formation was found to reprogram the adaxial 

leaf to form stomata in increasing density with increased proximity to the gall (Nabity et 

al. 2013). Nabity et al. (2013) found that stomata conductance and transpiration were 

significantly higher of galled tissues than adjacent ungalled tissues in ‘Frontenac’, even 

though McLeod (1990) did not find a difference in transpiration between galled and 

ungalled tissues in ‘Seyval’.  

Photosynthesis can be assessed through the rate of photosynthetic activity or through the 

energy been utilized. The most common way to measure photosynthesis is to quantify the 

rate at which atmospheric CO2 is being absorbed per unit leaf area. An alternative 

approach is to measure chlorophyll a (chl a) fluorescence, as it is inversely proportional 

to the chemically fixed energy used for photosynthesis (Kalaji et al. 2017). As a photon 

excites a chlorophyll molecule, a stable charge separation is induced (photochemistry), 

heat is emitted, or chl a fluorescence is emitted (Kalaji et al. 2017). In open photosystem 

II reaction centers, photochemistry is the fastest process and has the highest quantum 

yield (Kalaji et al. 2017). Chlorophyll a fluorescence can be used to monitor plant abiotic 

and microbial stresses (Kalaji et al. 2017). Pulse-Amplitude-Modulation (PAM) imaging 

by Walz® provides actinic illumination and saturation pulses driving photosynthesis and 

converting energy at photosystem II and captures those nondestructively through 

fluorescent cameras. Studies have used Walz® PAM and other imaging fluorometers to 

measure the impacts of fungal infection and insect infestation including gall formation on 

effective quantum yield of photosystem II and non-photochemical fluorescence 

quenching in tree species and cabbage (Aldea et al. 2006; Hajiboland and Amirazad 

2010). Effective quantum yield of photosystem II or PS II operating efficiency is often 

calculated as (Fmʹ-Fʹ)/Fmʹ (Aldea et al. 2006; Hajiboland and Amirazad 2010). 



   

 

Therefore in this study we pursue three objectives: examine the effect of foliar phylloxera 

infestation on yield and juice quality of a widely grown cold-hardy hybrid grape 

‘Frontenac’ developed at University of Minnesota in field settings (experiment 1), 

investigate the variety-specific photosynthetic responses of resistant and susceptible 

varieties in greenhouse settings (experiment 2), and investigate the responses of selected 

individuals from a biparental population with variable resistance levels to foliar 

phylloxera in greenhouse settings (experiment 3). 

Materials & Methods 

Experiment 1 

Plant materials and experimental design 

Three Minnesota vineyards with ‘Frontenac’ vines were selected for field trials in 2017 

and 2018. The field trials relied on natural phylloxera infestations. To establish an 

uninfested treatment, Movento® (active ingredient: spirotetramat), a systemic insecticide, 

was used to treat vines for foliar phylloxera infestations (D. T. Johnson et al. 2009).  

Two sites were at Melrose and Prior Lake, MN where both growers used the Vertical 

Shoot Position trellis system (VSP) with each 24-ft panel consisting of 3 vines. Each 

panel served as the unit of the treatment. The third site was at Red Wing, MN where the 

grower used the Geneva Double Curtain trellis system (GDC) with each panel consisting 

of 4-6 vines. Samples were collected on both sides of the panel of GDC and an average 

value for each panel was used.  

In 2017, two sprays of Movento® were applied by the grower to every other panel for 3 

panels at a rate of 8 oz/acre/spray. In 2018, an additional treatment of one spray was 

included resulting in a completely randomized block design of three treatments with each 

treatment replicated 5 times. Panels were sprayed using a CO2 backpack sprayer (R&D 

Sprayers, Opelousas, LA) and a 3- or 5-ft boom (depending on the grape canopy) fitted 

with 2 or 3 TeeJet® XR8002 flat fan nozzles (Glendale Heights, IL). Sprays were applied 

in the mornings at wind speed < 9.7 km/h with walk speed of 4.8 km/h. The timing for 

the first spray was right before bloom and the second spray was one month later. For one 

spray treatment, only the first spray was performed without the second spray. All other 

fungicides or herbicides were applied as normal by the grower.  



   

 

Each field site was visited regularly after spraying to score phylloxera severity using a 0-

7 scale as used by Clark et al. (2018). About 1.5 months before harvest in 2017, cluster 

number per panel and cluster density were measured on a 1-9 scale described by OIV 204 

(Alercia et al. 2001). At harvest maturity (according to the grower’s parameters), cluster 

weight within 1 meter of the center of each panel was measured (hereafter referred to as 

“1-m cluster weight”). One-hundred-berry weight was also obtained from each 

panel/treatment. In 2017, the berries were hand-macerated in zip-lock bags and filtered 

through a fine metal sieve to extract fermentable juice. An alternative juicing method was 

used in 2018 leading to highly variable results and data was not used. Titratable acidity 

(g/L), pH, and soluble solids content (˚Brix) were measured on the juice using a 

Metrohm® 916 Ti Touch autotitrator (Herisau, Switzerland), a Fischer Scientific® 

Acumet AR15 pH meter (Fair Lawn, NJ), and a Misco® PA 201 digital refractometer 

(Solon, OH), respectively. To obtain titratable acidity, 0.1 mol/L NaOH solution was 

used to titrate each juice sample diluted in 1:4 deionized water where tartaric acid was 

used as a standard (personal communication, Horton, 2017). 

Statistical analysis 

Paired t-tests were used to analyze the 2017 data. Analysis of variance (ANOVA) fitting 

treatment and replication effect was used to analyze the 2018 data for each site. If there 

was a significant treatment effect, treatment means were separated using TukeyHSD 

function of multcompView package in R (R-Core-Team 2019; Graves et al. 2019). 

Experiment 2 

Plant materials and experimental design 

Two treatments (infested and uninfested with phylloxera) of 5 replications of 

‘Edelweiss’, ‘Frontenac’, MN1264, and MN1246 were included in 2019 and 2020 (only 

‘Frontenac’ and MN1246 were uninfested in 2019). ‘Edelweiss’ is a V. labrusca-derived 

variety known to be resistant to phylloxera. MN1264 and MN1246, two advanced hybrid 

genotypes of multiple Vitis species, were the resistant and susceptible parent, 

respectively, of a mapping population that was used to fine map genetic resistance to 

phylloxera (Chapter 3).  



   

 

From May to June 2019, plants were propagated from 1- or 2-node cuttings of field 

grown vines at the University of Minnesota Horticultural Research Center, Excelsior 

(HRC). Cuttings were dipped in Hormex® rooting powder containing 0.3% indole-3-

butyric acid, propagated in perlite under day-time misting 6 seconds per 8 minutes for 

about a month at University of Minnesota Plant Growth Facilities in St. Paul, MN. 

Rooted cuttings were transplanted into Sungrow® Professional Growing Mix (SS#8-F2) 

with 4.3 g/L Osmocote® Plus slow-release fertilizer (15-9-12) in 8.9 × 8.9 × 12.7 cm 

square pots and maintained in the greenhouse with supplementary 16-hr day lights at 

~24˚C for about a month. Plants were trained to bamboo stakes, monitored daily, and 

watered when necessary. Plants were fertilized bi-weekly with Peters® Professional Peat 

Lite Special 20-10-20.  

To infest, the second mature leaf of each plant was clipped with a large gall using an 

alligator hair clip and plants were maintained in a greenhouse of ~24˚C. The large galls 

were taken from colony ‘Frontenac’ and MN1246 plants raised in the greenhouse, 

developed from a single gall of naturally occurring phylloxera in Minnesota vineyards. 

Uninfested plants were kept in a neighboring greenhouse with similar lighting and 

temperature conditions in 2019. After the completion of the experiment in August 2019, 

the plants were pruned to 2-4 nodes and the infested plants were stored at 4˚C for ~3 

months where the uninfested plants were maintained at supplementary 16-hr day lights at 

~24˚C with one more pruning. Before the start of the 2020 experiment, previously 

infested and uninfested plants with no evidence of phylloxera were randomized within 

each variety. During the 2020 experiment, uninfested plants were kept at the opposite end 

of the same greenhouse and remained uninfested through the experiment. 

Photosynthetic rate and total conductance to water vapor (boundary layer conductance 

plus stomata conductance; hereafter referred to as conductance) were measured on each 

plant at infestation and weekly intervals after infestation for 4-6 weeks (week 0-4 in 

2019; week 0-6 in 2020) using LiCor® LI-6400XT (Lincoln, NE). The CO2 mixer was 

fully monitored at 400 µmol/mol; relative humidity and temperature were ambient; flow 

rate to sample cell was 500 µmol/s; quantum flux was 1500 µmol/m2/s, representative of 

a typical sunny morning. Measurements were taken in the greenhouse with ambient 



   

 

lighting by clamping on the first mature/last glossy leaf of each plant. After 1.5 minutes, 

the photosynthetic rate and conductance data were taken.  

Effective PSII quantum yield (Y II) as (Fmʹ-F)/Fmʹ was measured on each plant at 

infestation and weekly after infestation for 4-6 weeks (week 1-4 in 2019; week 0-6 in 

2020) using Walz® IMAGING-PAM Chlorophyll Fluorometer (Effeltrich, Germany). 

MINI version was used in 2019 and MAXI version was used in 2020 to improve image 

resolutions. To ensure uniform of measurement conditions, plants were imaged in a dark 

room and dark-adapted for >15 minutes before imaging. The fluorescent image was taken 

on the first mature/last glossy leaf flattened on a non-fluorescent background. In 2019, 

the light intensity parameter was set to 1 with blue LEDs and a standard working distance 

(ML3/MF8=AL0). In 2020, aperture of 1.7 and light intensity of 3 were used, where the 

focus and zoom were manually adjusted for each image. Y(II) value of each image was 

visualized in the ImagingWin software from Walz®. 

Statistical analysis 

Analysis of variance was conducted on photosynthetic rate, conductance, and Y(II) fitting 

week and replication effects for each genotype (‘Edelweiss’, ‘Frontenac’, MN1264, 

MN1246) infested and then uninfested with phylloxera. Residual normality and equal 

variances were examined on the model using QQ-plot from plot.lm function in R. At 

week 4 in 2019, Y(II) was measured on two days. To visualize the results, each trait was 

plotted by week (the jitter function was used to avoid overlapping points) using ggplot2 

geom_point with regression line added with a Pearson correlation and its p-value using 

stat_regline_equation and stat_cor functions of ggpubr package (Wickham 2016; 

Kassambara 2019). 

To investigate the localized effects of gall formation on Y(II), an additional analysis of 

Y(II) values was performed on two leaves from each genotype each year. Photochemical 

efficiency Y(II) values of three galled 1-cm2 spots and three ungalled spots of each leaf 

were compared using t-tests with unequal variances (R-Core-Team 2019). 

Experiment 3 



   

 

Plant materials and experimental design 

Five replications of 27 selected individuals of GE1783 (N=~1023) representing different 

haplotypes, resistant or susceptible, at 4.805 Mbp on chromosome 14 based on previously 

reported phylloxera resistant QTL and preliminary fine mapping data (Clark et al. 2018; 

Chapter 3) were similarly infested with phylloxera in 2019. These plants were in a 

randomized complete block design and were used to fine map the phylloxera resistance 

QTL (Chapter 2). Photosynthetic rate and conductance were measured at week 2 and 4 

after infestation using LiCor as in experiment 2. Y(II) was measured at week 4 using 

PAM MINI as in experiment 2. Some data were taken over two days. 

Statistical analysis 

ANOVA was conducted fitting haplotype effect, number of individuals within each 

haplotype, and replication effects. Pearson correlations between photosynthetic 

rate/conductance/Y(II) and phylloxera severity rating at week 2 and week 4 were 

calculated using rcorr function of Hmisc package (Harrell 2019).  

Results  

Experiment 1 

Applications of Movento® created treatments with significant differences in phylloxera 

rating and nearly significant differences in 1-m cluster weight. Due to a low level of 

infestation at the Melrose site and management practices, only the Red Wing site was 

included in 2017, and a site at Welch, MN (VSP) was added in place of the Melrose site 

in 2018. For phylloxera rating (at ~1 month after the second Movento® application), there 

were significant differences between the 0 spray and 2 sprays treatments (Table 2.1 and 

2.2; Figure 2.1A). There was a difference in rating scores of 6.0 (p<0.01) at Red Wing 

2017, 2.1 (p<0.001) at Prior Lake 2018, and 1.4 (p<0.01) at Welch 2018 (Table 2.1 and 

2.2; Figure 2.1A). However, there were no significant differences in rating scores 

between the 1 spray and 2 sprays treatments based on 2018 data (Table 2.2; Figure 2.1A). 

For 1-m cluster weight, there was a nearly significant difference of 1298 g/m (p=0.055) 

between the 0 spray and 2 sprays treatments at Red Wing 2017 and a numeric difference 

of 450 g/m (p=0.58) at Welch 2018 (Table 2.1 and 2.2, Figure 2.1B). For soluble solids 

content, there was a numeric difference of 1.4 ˚Brix (p=0.10) between the 0 spray and 2 



   

 

sprays treatments at Red Wing 2017 (Table 2.1; no juice data analyzed in 2018). Error 

was approximately normally distributed for each ANOVA model. 

Experiment 2 

In controlled greenhouse conditions, there was a general trend that photosynthetic rate 

decreased after infestation (Table 2.3; Figure 2.2). Photosynthesis rate of ‘Frontenac’ in 

2019 and MN1264 in 2020 decreased significantly after infestation, where this reduction 

was not observed in the corresponding uninfested genotypes (Figure 2.2). For MN1246 in 

2020, the reduction was not significant and there was an increase in the uninfested plants. 

There seemed to be a numeric reduction in ‘Edelweiss’ (Figure 2.2).  

In 2019, there were no clear trends for conductance to water vapor for each of the 

genotypes after infestation, which were similar to the corresponding uninfested 

genotypes; in 2020, there might be an increasing trend for susceptible genotypes 

‘Frontenac’ (no significance was obtained) and MN1246 where there were less of such 

impact on resistant genotypes ‘Edelweiss’ and MN1264 (Figure 2.3).  

Effective photosystem II quantum yield also had no clear trends after infestation. 

However, when comparing the galled and ungalled spots of two leaves (Figure 2.4), there 

were numerical differences indicating that galled areas had lower Y(II) values than 

ungalled areas for all varieties, where the difference was significant in ‘Frontenac’ 2019 

(Figure 2.5).  

Experiment 3 

For the 27 selected individuals, there was a significant haplotype effect for conductance 

at week 2 (p=0.042), where individuals with resistant haplotypes had a 0.023 mol/m2/s 

higher conductance to water vapor than individuals with susceptible haplotypes. There 

were no significant haplotype effects for other traits measured. Conductance correlated 

positively (r=0.24) with gall rating at week 4 and there were no significant correlations 

for other traits measured (data not shown).  



   

 

Discussion 

Using ‘Frontenac’ and natural phylloxera populations, we confirmed that there was a 

reduction (p=0.055) in cluster weight of foliar phylloxera infestation at Red Wing, MN in 

2017 and a numerical reduction at Welch, MN in 2018, which might have economic 

importance to grape growers. Two sprays of Movento® costs $107/acre but can result in 

up to 84% increase in cluster weight/meter which is equivalent to $2358/acre increase in 

profit assuming that the current price for Minnesota grapes is $0.85/lb and the average 

yield is 3303 lb/acre (Clark et al. 2019). This result agrees with McLeod (1990) that pre-

bloom phylloxera infestation led to at least some level of reduction in cluster weight, 

possibly through reducing the number of berries per cluster, which should be further 

investigated in future studies. One interesting result we found was that even though at the 

Welch site in 2018, there was only a 1.25 difference in phylloxera rating, there was a 

450.5 difference in 1-m cluster weight (g).  

Another interesting finding is that an additional post-bloom spray did not result in a 

decrease in phylloxera severity rating but seemed to numerically increase cluster yield in 

2018. This may suggest that grape growers only need to perform one well-timed spray to 

control foliar phylloxera in Minnesota. If phylloxera pressure at the site is low (rating < 

1) and if the site has a spray history (e.g., the Red Wing site which was sprayed in 2017 

had low phylloxera pressure in 2018), it seems that the grower might not need to spray at 

all. Growers should scout for signs of galls early in the season and perhaps use spot-

spraying and other Integrated Pest Management strategies as outlined in Yin et al. (2019). 

This would result in economic savings and reduced environmental risk (Radcliffe et al. 

2009). However, to maximize 1-m cluster weight, the 2-sprays treatment seemed to 

outperform the 1-spray treatment numerically at two of the three sites in 2018. This 

additional spray can result up to 48.9% increase in cluster weight/meter. More site-year 

replication studies are needed to investigate this further.  

Previous studies showed mixed results regarding the timing of application. Stevenson 

(1969) found that the pre-budbreak sprays did not control phylloxera infestations but 

post-bloom sprays of endosulfan and lindane on ‘Maréchal Foch’ and ‘Clinton’ resulted 

in a difference in phylloxera severity. Our study only investigated pre-bloom infestations 



   

 

and our results agree with McLeod (1990) that pre-bloom infested and uninfested 

‘Frontenac’ and ‘Seyval blanc’ had a significant difference in phylloxera severity.  

Many factors may a play role in the variability of some of the effects observed, one of 

which was moisture. We looked at Minnesota statewide precipitation and found that 

precipitation at Melrose, MN in 2017 was below 32 inches lower than the precipitation at 

other sites that year, providing one reason why we observed low phylloxera pressure at 

this site-year (Minnesota Department of Natural Resources). This agrees with McLeod 

(1990) that foliar phylloxera infestation was low in dry years. A better understanding on 

the favorable conditions for foliar gall formation would allow for better timing of 

measurements and the precise definition of an economic threshold (McLeod 1990). An 

additional complication at the Melrose site was that an insecticide treatment of Danitol 

2.4 EC was applied in 2016 to treat flea beetles, which might also have decreased 

phylloxera pressure in 2017. This contributes to the complexity of field studies where 

different vineyards had different spray histories. Communicating the research needs with 

the growers and being consistent should be better learned. The grower at Prior Lake site 

in 2017 included a fungicide with Movento® which confounded the results by having 

black rot in the untreated panels. At Prior Lake in 2018, we cleaned the clusters from 

different treatments before weighing which was not done at other site-years and probably 

have contributed to the less significant differences among treatments at that site. 

There seems to be a reduction of photosynthetic rate due to phylloxera infestation in one 

of the two years and the mechanism is yet to be determined. This seemed to be true for all 

genotypes measured, resistant (i.e. MN1264) or susceptible (‘Frontenac’ and MN1246). 

The reduction was not seen in ‘Frontenac’ in 2020 possibly because only 2 replications 

were used instead of 5 replications (due to the same reason, the increase in conductance 

of ‘Frontenac’ in 2020 was questionable). The reduction was significant for these 

genotypes except for MN1246 in 2020. Infestation of MN1246 perhaps did reduce 

photosynthesis rate, but due to the increase of the trait of the corresponding uninfested 

plants, the effect became non-significant. As for the mechanism of reduction, when 

accounting for nonphotosynthetic area, photosynthetic rate was not different between 

galled and ungalled leaf tissues of ‘Frontenac’ (Nabity et al. 2013). We repeatedly 



   

 

measured the same uninfested leaf on 2 replications of each of infested and uninfested 

‘Frontenac’ in 2020 and did not find significant differences across weeks due to 

infestation (data not shown). This could mean that the reduction in photosynthesis rate of 

galled tissues were due to insect respiration. But we did not find a correlation between 

photosynthetic rate and gall rating.  

Looking at the impact of phylloxera infestations on conductance might offer other 

insights about how infestation impacted photosynthesis. For the susceptible genotype 

MN1246 infested in 2020, we saw an increasing trend of conductance, where the resistant 

genotypes had less of such an impact. It could be that galled tissues had increased 

stomata conductance (Nabity et al. 2013) was more pronounced for susceptible 

genotypes. However, this trend was only seen in one year and limited conclusion can be 

drawn. Besides, what we measured was conductance to water vapor, which included 

boundary layer conductance and stomata conductance. Even though we found a 

significant haplotype effect for conductance at week 2 (resistance haplotype had higher 

conductance), a positive correlation of conductance and gall rating was found at week 4. 

These results seemed to contradict each other and there seemed to be no clear impact of 

infestations on conductance. It seems that gall formation affects grape photosynthetic rate 

in a way which may or may not be directly related to stomata formation and more study 

is needed. Stevenson (1969) observed a reduction in leaf number per shoot for phylloxera 

infested treatments. Thus, a reduction in total photosynthetic leaf area is one possible 

explanation of the reduction in photosynthesis and is worth future study.  

For effective photosystem II quantum yield, we also did not find a significant impact due 

to infestation. With the additional analysis looking at galled and ungalled areas of two 

leaves, we did observe numeric decreases in Y(II) of galled leaves. This could mean that 

infestations did affect Y(II) and the differences were just not detectable. Aldea et al. 

(2006) found lower photosystem II efficiency (an equivalent to Y(II) but under light-

adapted conditions) around galled areas formed by midge and wasp species. They also 

found increased non-photochemical quenching and lower leaf temperatures surrounding 

galls suggesting that the reduction in PS II efficiency was not due to stomatal closure but 

increased transpiration rates. 



   

 

Our study is not the first to examine effect of foliar phylloxera infestation, but one of the 

first that demonstrated the effect of infestations on different varieties/genotypes. We 

conclude that, in the genotypes tested, there can be a reduction in photosynthesis rate and 

photosystem II quantum yield due to infestation and this might have led to some impacts 

on unit cluster weight. Although this was not statistically significant, it might be 

economically important. The mechanism of the reduction in photosynthesis rate is not yet 

known and there can be a variety-specific impact on conductance to water vapor. More 

research is needed such as quantifying stomata density and other yield components such 

as number of berries per cluster with more growing seasons and more varieties to better 

reflect the impact on the diversity of grape varieties grown in the Midwest. 

  



   

 

Chapter 2 Tables and Figures 

Table 2.1.3The differences of Movento® spray treatments (0 spray and 2 sprays (pre- and post-bloom)) 
using a paired t-test in phylloxera rating, fruit yield, and juice quality traits on 'Frontenac' measured at Red 
Wing, MN in 2017. 

Trait P-value 

1 Phylloxera ratinga <0.01 

2 Phylloxera ratingb <0.001 

Cluster number ns 

Cluster density ns 

1-m cluster weight (g) ns (0.055) 

100-berry weight (g) ns 

Soluble solid content (˚Brix) ns 

pH ns 

Titratable acidity (g/L) ns 

Shown are p-values of paired t-tests; ns: non-significant p-values at 0.05 
a ~1 month after second Movento® spray 
b 1.5 months after second spray 
  



   

 

 
Table 2.2.4The effects of replication and treatment (0 spray, 1 spray (pre-bloom), and 2 sprays) of 
Movento® on ‘Frontenac’ at three sites in 2018. P-values are reported for the analysis of variance fitting 
these effects. 

 Prior Lake Red Wing Welch 

 Rep Treatment Rep Treatment Rep Treatment 

1 Phylloxera ratinga ns ns (0.059) NA NA NA NA 
2 Phylloxera ratingb ns <0.01 ns ns ns 0.035 
3 Phylloxera ratingc ns <0.001 ns ns ns <0.01 
4 Phylloxera ratingd ns ns ns ns ns ns 

1-m cluster weight (g) ns ns ns ns ns ns 
100-berry weight (g)  ns ns ns ns ns ns 

Shown are p-values of analysis of variance fitting replication and treatment effects; ns: non-significant p-
values at 0.05 
a ~0.5 month before second Movento® spray 
b on the day of second spray 
c ~1.5 months after second spray 
d ~3 months after second spray (harvest). 
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Figure 2.1.4The effects of Movento® spray treatments on 'Frontenac' for (A) phylloxera rating (0: no gall; 7: 
severely galled) at ~1.5 months after second spray and (B) 1-m cluster weight at one site in 2017 and three 
sites in 2018. Letters indicate significant differences according to paired t tests of 0- and 2-spray treatments 
(in 2017) or Tukey’s HSD of treatment effect at each site (in 2018). 

  



   

35 
 

 

 

Figure 2.2.5Photosynthetic rate of infested and uninfested 'Edelweiss', 'Frontenac', MN1246, and MN1264 
at each week after foliar phylloxera infestation in 2019 and 2020. Significant differences are reported 
comparing week 0 to week n (n=1-6) using t-tests; ns: non-significant; *: p ≤0.05. 

  



   

36 
 

 

Figure 2.3.6Conductance to water vapor of infested and uninfested 'Edelweiss', 'Frontenac', MN1246, and 
MN1264 at each week after foliar phylloxera infestation in 2019 and 2020. Significant differences are 
reported comparing week 0 to week n (n=1-6) using t-tests; ns: non-significant; *: p ≤0.05; **: p ≤ 0.01. 
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Figure 2.4.7NIR gray-scale (left panel) and effective photosystem II quantum yield (Y(II)) images (right 
panel) of phylloxera infested (A & B) resistant 'Edelweiss', (C & D) susceptible 'Frontenac', (E & F) 
resistant MN1264, and (G & H) susceptible MN1246 after 4 weeks measured by PAM MINI in 2019. 
Arrows: galls; corresponding galled spots have lower Y(II) values. 
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Figure 2.5.8Effective photosystem II quantum yield of 3 ungalled (N) and 3 galled (Y) 1-cm2 spots of each 
of two leaves of infested ‘Edelweiss’, ‘Frontenac’, MN1246, and MN1264 after 4 weeks in 2019 and 2020. 
Letters indicate significant differences of t-tests at alpha = 0.05.   
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Chapter 3 Fine mapping of a foliar phylloxera resistance locus on chromosome 14 in 

a large cold-hardy hybrid grape population 

 

Introduction  

The planting of resistant plants alleviates the use of pesticides that cause environmental 

and health concerns. The use of resistant varieties is an effective, durable control method 

when used properly. The well-known example of the durability of resistance is the 

planting of resistant wheat varieties that controlled Hessian fly for 15 years in Kansas 

(McGovran et al. 1969). Perhaps the most important advantage of using a resistant 

variety is that the effect on pest populations is specific, cumulative, and persistent 

(McGovran et al. 1969). The cumulative and persistent effect of a resistant variety offers 

unique advantages over the sudden and decreasing effect of an insecticide (McGovran et 

al. 1969).  

Grape phylloxera, Daktulosphaira vitifoliae Fitch (Hemiptera: Phylloxeridae), infest both 

the foliage and roots of Vitis, also referred to as gallicoles and radicicoles, respectively. 

Phylloxera is native to North America and is especially a problem on foliage of the native 

grape species Vitis riparia and certain cold-hardy hybrid grapes such as ‘Frontenac’ and 

‘La Crescent’ (summarized in Yin et al. 2019). Currently, chemical control is the main 

management method for foliar infestation and there are concerns for reliance on a single 

management method where heavy selection pressure would accelerate the development 

of insecticide-resistant phylloxera genotypes (Yin et al. 2019). Phylloxera genotypes are 

fast evolving and a recent study reported the first European foliar phylloxera in formerly 

resistant scions (V. vinifera) in commercial vineyards (Forneck et al. 2019). Through 

microsatellite markers, they found 203 unique phylloxera genotypes and suggested that 

the genotypic diversity was due to climate change and vineyard management strategies 

(Forneck et al. 2019). Breeding for phylloxera resistant grape varieties can contribute to 

the sustainability of grape production worldwide as pest population evolves. 

The most commonly understood resistance results from the presence of both a resistance 

(R) gene in the plant and an avirulence gene in the insect. This gene-for-gene model was 

seen in the case of wheat resistance to Hessian fly and rice resistance to a gall midge 
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(McGovran et al. 1969; Kumar et al. 2005). Each R gene recognizes a specific effector 

coded by an avirulence gene, resulting in effector-trigger immunity (ETI) (Hogenhout 

and Bos 2011). Most of these R genes are single dominant genes (Kumar et al. 2005). 

ETI is an accelerated, stronger resistance response and is usually accompanied by a 

hypersensitive response (Jones and Dangl 2006; Fernandes 1990). A hypersensitive 

response (HR), a resistance response well-studied in the plant pathology field, is often 

seen as a necrotic response due to the death of the attacked tissue, production of toxic 

compounds, and a disruption in the oxidative balance (Cornelissen et al. 2002; Király 

1980). In plant-herbivous insect systems, HR can be elicited by insect oviposition (Hilker 

and Fatouros 2016). The first report of HR to insects was in grape roots to phylloxera 

(Börner and Schilder 1934). Besides, Raman et al. (2009) has observed HR on leaves of a 

resistant V. vinifera variety upon phylloxera infestation.  

Current literature studying gall-forming insect resistance genes in woody plants are 

limited. The only genetic study for resistance to a gall-forming insect in woody plants is 

in willow (Höglund et al. 2012). They detected a major QTL for resistance to gall midge 

in two years and suggested that the resistance gene might play a non-responsive role to 

gall formation instead of an active defense role like HR. In their QTL region, Höglund et 

al. (2012) did not find any nucleotide-site binding genes (NBS-LRR) that typically 

trigger HR. This non-responsiveness can have the same candidate genes underlying gall 

formation and for some reason the genes for gall formation were not expressed. Gall 

formation in the grape-phylloxera system was shown to reprogram the plant for nutritive 

tissue production similar to that of carpel formation and secondary metabolism alteration 

such as the up-regulation of genes in shikimate and phenylpropanoid biosynthesis 

(Nabity et al. 2013; Schultz et al. 2019). The potential foliar resistance responses we 

observed in grape-phylloxera system ranged from HR type of reactions, no reactions, 

incompletely formed galls, to reduced number of galls. Granett et al. (1983) has observed 

lower reproductive rates, rates of increase, and rates of 1st instar establishment as 

resistance root responses. 

Cold-hardy hybrid grape germplasm with variable resistance to foliar phylloxera serves 

as great starting places to breed for resistant varieties and understand resistance gene 
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functions to gall-forming insect. First, it is advantageous to study grape phylloxera in 

North America where pest diversity is high and not a lot is known how Vitis has evolved 

for resistance to foliar phylloxera. Second, cold-hardy hybrid grape selections are 

available which have pedigrees from multiple Vitis species such as V. riparia, V. vinifera, 

and V. labrusca. Cold-hardy hybrid varieties combine the cold-hardiness and fungal 

diseases resistance from native grape species and wine quality from V. vinifera. Foliage 

of V. vinifera and V. labrusca is often observed to be resistant to phylloxera, which have 

been used to introduce phylloxera resistance into the cold-hardy hybrid grape germplasm 

(Domoto et al. 2016). A number of these grape varieties and accessions of native species 

with variable resistance to foliar phylloxera are used in the grape breeding programs, 

especially at the University of Minnesota (UMN) (Yin et al. 2019).  

The majority of historic literature studying grape genetic resistance to phylloxera limited 

to root phylloxera. Using hybrids of V. riparia and V. cinerea, a root phylloxera 

resistance quantitative trait locus (QTL) encompassing RDV1 was identified and 

sequenced on chromosome 13 (Hausmann et al. 2014; J. Zhang et al. 2009). They 

identified 20 candidate genes including 6 disease resistance genes (Hausmann et al. 

2014). Using hybrids of V. cinerea and V. vinifera, another locus for resistance to root 

infestation RDV2 was identified on chromosome 14 (Smith et al. 2018). Using a cold-

hardy hybrid grape population GE1025 (N=~125; MN1264 × MN1246) and genotype-

by-sequencing SNP markers, a resistant QTL to foliar phylloxera was identified on 

chromosome 14 and an additional putative QTL for root resistance (Clark et al. 2018). 

However, the foliar resistance region is relatively wide, spanning a 10-20 cM (~7 Mbp) 

region, which has limitations for efficient marker-assisted breeding and to be able to 

identify candidate resistance genes for biological understanding. Selectively phenotype 

informative recombinants from a large population has been proven a cost-effective way 

to improve mapping resolutions (Jannink 2005). This strategy has been successfully used 

to fine map disease traits in cereal crops like barley and horticultural crops like tomato 

with a population size of 500-1100 (Nduulu et al. 2007; Haggard et al. 2013). This 

selective phenotyping strategy would be especially useful in woody plant species like 

grape because of the time, labor and space needed for establishment of a large population. 
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With the advancement in genotyping technologies and collaborative efforts, cost-

effective next-generation sequencing technologies have become available and 

transferrable across different Vitis species. Genotype-by-sequencing (GBS) and amplicon 

sequencing are commonly used for genetic/fine mapping studies. With GBS, hundreds of 

thousands of genetic markers can be obtained in a cost-effective manner (Elshire et al. 

2011) but these markers are not readily transferrable across different mapping studies in 

Vitis. With amplicon sequencing, researchers have more control over the marker design 

to target specific regions (Yang et al. 2016). To further improve the multiplex capacity of 

amplicon sequencing, the RNase H2 dependent enzyme has been used to improve 

amplification specificity and minimizing primer dimer formation. This RNase H2 

dependent amplicon sequencing (rhAmpSeq) for Vitis is a technology developed by 

Integrated DNA Technologies (Coralville, Iowa) in collaboration with the USDA-NIFA 

funded VitisGen2 project (Zou et al. 2020). Haplotype markers were developed from 

conserved exons across 8 Vitis species including V. vinifera, V. labrusca, and V. riparia 

that are commonly used in cold-hardy hybrid breeding (Zou et al. 2020), making 

rhAmpSeq affordable and more transferable than the GBS approach.  

The aim of this study was to fine map the previously reported QTL on chromosome 14 

underlying resistance to foliar phylloxera using a larger population to 1) identify closely 

linked markers for more effective marker-assisted breeding and 2) identify candidate 

genes within the region for a better understanding of resistance mechanisms.  

Materials & Methods 

Plant materials 

The GE1783 population (N=~1023; MN1264 × MN1246) was created by controlled 

pollinations in June 2017 and is an expansion of the GE1025 population used by Teh et 

al. (2017) and Clark et al. (2018). Seeds were cold stratified at 1-2˚C for ~4 months and 

germinated in Sungro® Propagation Mix with a thin layer of Nodampoff® sphagnum 

moss and maintained in the greenhouse at 24˚C and watered when dried. In April 2018, 

seedlings were transferred to individual pots (6.4 × 6.4 × 14.0 cm) in Midwest Perlite 

(Appleton, WI) and M1 Professional Mix (Grower Select®) in 3:10 volume ratio with 

2739 ppm 14-14-16 controlled release fertilizer with micronutrients. After several weeks 
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of growth, DNA tissues of the youngest expanding leaf (<1 cm diameter) of each of 1023 

seedlings were collected for genotyping as described below. In May 2018, the seedlings 

were moved outside under the shade cloth for acclimation for ~3 weeks, and then hand-

planted into the nursery at the UMN Horticultural Research Center (HRC) at Excelsior, 

MN with a 30.5-cm spacing within rows and 122.0-cm spacing between rows. 

Experimental plants that were identified as recombinants at the resistant locus were 

collected as field cuttings, propagated, and screened for phylloxera resistance in the 

greenhouse. Experiment 1 was conducted on softwood cuttings of 108 nursery seedlings. 

The vines were dug up in fall and overwintered in cold storage under moist sawdust 

before being hand-planted into the vineyard at the HRC in June 2019. Experiment 2 was 

conducted on softwood cuttings of 53 field vines. In November 2019, the trellis posts 

were installed and the vines were maintained as top wire, high-cordon trained vines. 

Experiment 3 was conducted on hardwood cuttings of 27 overwintering vines and stored 

under 4˚C until being propagated at the end of January 2020. 

Cuttings were collected, brought back to Plant Growth Facility at St. Paul, MN in moist 

paper towels. To propagate cuttings for experiment 1, >5 reps of 1-node cuttings of each 

genotype with a ~2.5-cm diameter leaf were dipped in Hormex® rooting powder 

containing 0.3% indole-3-butyric acid, planted in perlite, and maintained under day-time 

misting (every 8 minutes for 6 seconds). After ~1 month, rooted cuttings were 

transplanted into Sungrow® Professional Growing Mix (SS#8-F2) with 4.3 g/L 

Osmocote® Plus slow-release fertilizer (15-9-12) in 8.9 × 8.9 × 12.7 cm pots. Plants were 

staked regularly and watered when needed under 16-hr day HID and ~26˚C in the 

greenhouse until infestation. Plants were fertilized biweekly with Peters® Professional 

Peat Lite Special 20-10-20. To propagate cuttings for experiments 2 and 3, >8 reps of 1-

node cuttings of each genotype were propagated similarly except being potted into short 

pots (6.4 × 6.4 × 14.0 cm) first and then transferred to tall pots (6.4 × 6.4 × 22.9 cm) 

when plants were over 10 cm tall and maintained under ~20˚C.  

The phylloxera colony used to infest the plants was maintained on susceptible genotypes 

‘Frontenac’ and MN1246 grown in the greenhouse. The colony was started with a single 

gall collected in a Minnesota vineyard of a naturally infested vine. Plants were 
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maintained under ~24 ˚C and 16-hr supplementary lights. For experiments 2 and 3 which 

were conducted during the winter/spring, 24-hr high pressure sodium lights were used to 

encourage phylloxera development.  

Genotyping 

Genotyping was conducted on ~1023 GE1783 seedlings and parents using rhAmpSeq 

marker platform (Zou et al. 2020). Collected leaf tissues were oven dried at 50˚C 

overnight, and sent to Intertek AgriTech (Sweden) and extracted using an automated 

magnetic bead method using the sbeadex kit by LGC (Teddington, U.K.). 2000 amplicon 

markers targeting 250-bp regions evenly distributed across the Vitis core genome 

(average marker distance = 200 kb) were pair-end sequenced on Illumina NextSeq 500 

(Zou et al. 2020). Because multiple SNPs, insertions, and/or deletions can occur in each 

250-bp amplicon, these markers represent multi-allelic haplotypes, returning up to 4 

alleles per locus in this F1 population of two heterozygous parents (Zou et al. 2020). A 

sex-averaged consensus genetic map was constructed from 1387 quality-controlled 

markers in LepMap3 (Rastas 2017) as previously described (Zou et al. 2020).  

Additional kompetitive allele specific PCR (KASP®) genotyping (LGC, Teddington, 

U.K.) was conducted on 83 of the phenotyped recombinants (Clark et al. 2018). Primers 

were designed from GBS SNP markers (S14_1984845, S14_1984845, S14_3322049, and 

S14_4830718) previously associated with the resistance QTL on chromosome 14 to 

increase marker density for fine mapping (Clark et al. 2018). Primers were designed 

using default parameters of the PrimerQuest tool (IDT, Coralville, Iowa) with melting 

temperature of 52-65˚C (60˚C optimal), amplicon size of 50-100 bp (50 optimal), and the 

last base at 3’ being alternative versions of the SNP (Miller and Tillman, personal 

communication, 2019). Allele 1 has binding site to fluorophore FAM added at the 5’, 

while allele 2 has binding site to fluorophore HEX added at the 5’ (Patterson et al. 2017).  

To identify which individuals to collect cuttings from and screen for phylloxera 

resistance, we selected recombinant individuals based on the rhAmpSeq genotype data 

across specific target regions. For experiment 1, 180 representative recombinant 

individuals across chromosome 14 were selected. Due to the young vine age, 108 

individuals were successfully propagated and screened. For experiment 2, based on 
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preliminary results, 72 recombinant individuals across 1.5-6.4 Mbp on chromosome 14 

were selected. After propagation, 53 individuals were screened. For experiment 3, we 

decided to screen more individuals across 0-6.4 Mbp (on chromosome 14) and 39 

recombinant individuals were selected. After propagation, 26 individuals were screened. 

Phenotyping 

When plants were about 30-cm tall, the second mature leaf, observed as the youngest 

non-tender fully expanded leaf, of each plant was infested with a large colony gall using 

an alligator hair clip. Experiment 1 (≤5 replications), 2 (≤8 replications), and 3 (≤8 

replications) was conducted in July 2019, January 2020, and April 2020, respectively. To 

ensure uniform infestation and allow movement of crawlers among plants, plants were 

arranged in close proximity to each other and trays were re-randomized at two weeks 

after infestation (experiment 1) or weekly for three weeks after infestation (experiments 2 

and 3). 

Each plant was scored for phylloxera severity using a 0-7 scale (Clark et al. 2018) each 

week after infestation for five weeks. At four weeks after infestation, the number of galls, 

number of leaves, and number of infested leaves were counted per plant, where the 

percent leaves infested and the number of galls per leaf were calculated. Area under 

disease progress curve (AUDPC) of severity rating over five weeks was calculated. 

Fine mapping 

Two fine mapping approaches were used. For experiment 1, a larger number of 

recombinant individuals across a wider region on chromosome 14 were analyzed using 

interval mapping in R/qtl (Broman 2009). For experiments 2 and 3 with smaller 

experiment sizes and refined regions of interest based on preliminary results, a haplotype 

analysis was conducted. Before either analysis, analysis of variance (ANOVA) was 

conducted on phylloxera traits fitting a linear model of genotype and replication effects in 

R version 3.6.0 (R-Core-Team 2019) to confirm there was a significant genotype effect. 

Each model was examined for residual normality and equal error variances. For a trait 

with non-normal residual distribution, square-root and natural log transformations were 

performed and the transformation that improved the normality was used for subsequent 

genetic analysis.  
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Interval mapping 

Interval mapping using scanone function in R/qtl was conducted on individuals measured 

in experiment 1 (Broman 2009). For traits or transformed traits with normal residual 

distributions, a multiple imputation method was performed with 256 imputations and a 

step size of 1. For traits with non-normal residual distributions, a Haley–Knott (HK) 

method was performed instead. The genome-wide 5% logarithm of odds (LOD) threshold 

for significant QTL was determined by 1000 permutations. Allele effects were examined 

for each marker at the peak of a QTL using effectplot function and the alleles that gave 

the phylloxera resistant (R) or susceptible (S) phenotypes were recorded. The scanone 

outputs and the threshold obtained from R/qtl were visualized in MapChart (Voorrips 

2002) with genetic markers distinguishing the recombination events.  

Haplotype analysis 

For experiments 2 and 3, GE1783 individuals with different recombinations of R and S 

haplotypes at 0- 24 cM on chromosome 14 were organized into different haplotype 

classes. KASP markers (homozygotes/heterozygotes type) were manually imputed to the 

rhAmpSeq type of markers (ABCD type) based on physically flanking rhAmpSeq 

markers. To compensate for a unbalanced design, a mixed linear model was used fitting 

haplotype class as fixed, individuals within each class and replication as random using 

lmer function of the lme4 package in R (Bates et al. 2015). To make sure there was a 

significant haplotype effect, corresponding ANOVA was also conducted. Mean of 

haplotype classes were separated using Tukey’s HSD with the glht function in mulcomp 

package and the results visualized using ggplot2 in R (Hothorn et al. 2008; Wickham 

2016). Graphical genotypes of different haplotype classes were visualized in MapChart 

(Voorrips 2002).  

Identification of candidate genes 

Candidate resistance genes were identified based on the physical positions of the fine 

mapped region from the PN40024 12X (Vitis vinifera) reference sequence (Adam-

Blondon et al. 2004; Adam-Blondon 2014; Cipriani et al. 2011; Canaguier et al. 2014) 

which was found at EMBL (FN597015-FN597047).  
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Results & Discussion 

This study was the first to fine map the QTL for foliar phylloxera resistance and 

identified candidate genes in a cold-hardy hybrid grape population. We fine mapped the 

previously reported resistance QTL to phylloxera on chromosome 14 (a ~7-Mbp region) 

down to a single candidate gene, bifunctional 3-dehydroquinate dehydratase/shikimate 

dehydrogenase through selective phenotyping. More conservatively speaking, we fine 

mapped the resistance QTL to a region spanning 2.1-4.9 Mbp, containing 190 candidate 

genes in two rounds of experiments (Experiments 1 & 3). This has implications for 

marker-assisted selection for the grape breeding program and is a great starting place to 

understand resistance gene functions to gall-forming insects. 

Fine mapped region 

With three rounds of greenhouse experiments, we fine mapped the region with the 

rhAmpSeq marker 14_4805213 being most associated. Two KASP markers 

(S14_1984845 and S14_4830718) were successfully added to increase marker density at 

the region. Phylloxera traits screened in all experiments were segregating (showing a 

significant haplotype class effect of ANOVA) with residual nearly normal distributed and 

error variance mostly equal. In Experiment 1, we screened 108 recombinant individuals 

across chromosome 14 and found the peak of the QTL for phylloxera traits to be at 1.5-

4.8 Mbp (Table 3.1; Figure 3.1), in concordance with (Clark et al. 2018). We confirmed 

the effectiveness of selectively phenotyping recombinant individuals from the whole 

GE1783 population with the highly inflated LOD scores and high percent phenotypic 

variation explained. Area under disease progress curve (AUDPC) seemed to be the best 

trait to phenotype, as it had the narrowest QTL interval, highest LOD, and highest % 

phenotypic variation explained. It was calculated from severity rating across 5 weeks 

after infestation. Galls/leaf and %leaves infested/plant are a function of plant growth rate, 

and thus should be more representative than gall count. In Experiment 2, we organized 53 

recombinant individuals at 1.5-6.4 Mbp into 10 representative haplotype classes with 1 to 

11 individuals/class (Figure 3.2). The mixed linear model found that classes C and D in 

particular were both resistant (Figure 3.2) and they overlapped at rhAmpSeq marker 

14_4805213. In Experiment 3, we organized 26 individuals at 0-6.4 Mbp into 15 

haplotype classes with 1 to 4 individuals/class (Figure 3.3). The mixed linear model 
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found that classes E and F were both resistant (Figure 3.3) and they overlapped at region 

2.1-4.9 Mbp. This region contains 190 candidate genes of which 158 were characterized 

(Table 3.2). The previously identified locus for root resistance, RDV2, had a highly 

associated marker at 4.2 Mbp on chromosome 14 using hybrids of V. cinerea and V. 

vinifera (Smith et al. 2018). It is possible that the current study using the cold-hardy 

hybrid grape materials has identified the same locus.  

The rhAmpSeq marker 14_4805213 in our fine mapped region is a 164-bp haplotype 

marker and contains 3 alleles with the resistance allele having 2 SNPs at 140 and 153 bp. 

MN1264 is heterozygous and has one copy of the resistance allele. Flanking markers can 

be easily developed to target those polymorphisms such as through KASP. This marker 

should be useful for marker-assisted selection (including parental selection) to improve 

foliar phylloxera resistance in cold-hardy hybrid grapes. A cost-effective pipeline 

converting rhAmpSeq to KASP markers is worth exploring for marker-assisted breeding 

for other traits. 

Candidate genes 

The 14_4805213 marker corresponds to the candidate gene, bifunctional 3-

dehydroquinate dehydratase/shikimate dehydrogenase (chloroplastic) (bifunctional 3-

DQD/SD), which catalyzes the third and fourth steps of shikimate pathway (Ding et al. 

2007). The shikimate pathway is central for the biosynthesis of aromatic amino acids in 

plants, bacteria, and fungi. In plants, aromatic amino acids are used as protein building 

blocks and the production of secondary metabolites (Ding et al. 2007). As the name 

suggests, this enzyme has dual functions: catalyzes the dehydration of dehydroquinate to 

dehydroshikimate and the reversible reduction of dehydroshikimate to shikimate. 

Dehydroshikimate is converted to gallic acid by another enzyme dehydroshikimate 

dehydrogenase (Ossipov et al. 2003). Gallic acid is a precursor to hydrolysable tannins 

which play a role in insect resistance (Ossipov et al. 2003). Only 23 plant proteins have 

been identified as bifunctional enzymes which has regulatory advantages and more 

efficient substrate conversion (Moore 2004).  

The bifunctional 3-DQD/SD identified in the current study might play a role in cytosolic 

gallic acid formation. In plants, the shikimate pathway is believed to occur in plastids 
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(Ding et al. 2007). Ding et al. (2007) knocked out this gene in transgenic tobacco using 

RNAi and observed stunted growth but accumulation of both substrate dehyodroquinate 

and the product shikimate. They proposed that there existed a cytosolic shikimate 

pathway where the enzyme has different functions. A parallel study used glyphosate to 

treat birch leaves to block 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, the last 

step of shikimate pathway (Ossipov et al. 2003). They observed a twofold increase in 

hydrolysable tannins and suggested the immediate precursor of gallic acid is the 

shikimate intermediate dehydroshikimate, which they believed to be synthesized in the 

cytosol. Ossipov et al. (2003) proposed that the cytosolic equivalent of the bifunctional 3-

DQD/SD enzymes are two monofunctional enzymes which have not been characterized. 

Our study suggests that the bifunctional 3-DQD/SD might be this cytosolic enzyme 

having the function related to gallic acid formation. Gallic acid is known to be important 

in gall formation (Crozier et al. 2011). If the candidate gene we identified here can be 

confirmed as the causal gene for resistance, it suggests that the candidate genes for gall 

formation and resistance are the same and resistance is a non-responsiveness as seen in 

Höglund et al. (2012). The major resistance QTL they detected in willow to the gall 

midge did not contain NBS-LRR genes that typically trigger HR and the QTL for 

resistance and HR only co-localized in one of the two years. Based on these results, 

Höglund et al. (2012) suggested that the resistance response was a non-responsiveness or 

simply a wound response. They hypothesized that the HR-like type of response they 

observed could be the initial stages of attempting to form galls. 

However, more conservatively, other genes within the 2.1-4.9 Mbp region can also be 

candidate genes which have been annotated having several biological functions such as 

playing a role in flowering, oxidative stress, systematic acquired resistance, or sugar 

transport. Candidate genes that have 5 or more copies at 2.1-4.9 Mbp are germin-like 

protein, UPF0481 protein At3g47200-like, sugar transporter ERD6-like, protein 

BONZAI 3, F-box/kelch-repeat protein At1g57790-like, disease resistance protein At4g-

like. No doubt the disease resistance proteins play a role in plant defense, while germin-

like proteins also play a role in plant development and defense (Bernier and Berna 2001). 

The expression of germin-like proteins and oxalate oxidase activity were induced upon 

fungal infections in barley and wheat (Bernier and Berna 2001). A FRIGIDA-like protein 
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is 21-kb downstream of bifunctional 3-DQD/SD and its degradation is involved in early 

flowering (Hu et al. 2014). Interestingly, Schultz et al. (2019) found that expression of 

several candidate genes involved in floral development were significantly increased in 

phylloxera galled leaf tissues as compared to ungalled tissues of V. riparia. One of such 

genes was FRIGIDA-like gene which was down-regulated in galled tissues and delayed 

flowering. Schultz et al. (2019) suggested that phylloxera redirected vegetative leaf 

development towards reproductive carpel formation through meristematic cells. Another 

candidate gene, F-box/kelch-repeat protein, also plays a role in circadian control or 

modulates flowering time, summarized in X. Zhang et al. (2013). BONZAI proteins play 

a role in resistance to a broad spectrum of pathogens and also displayed HR and 

constitutive systemic acquired resistance (Liu et al. 2005). UPF0481 protein At3g47200-

like was one ozone (O3) responsive gene detected in soybean leaves (Moon et al. 2014). 

Such involvement in oxidative stress and sugar transport might suggest that the resistance 

gene is a lack of formation for the nutritive gall. Whether resistance is a non-

responsiveness to gall formation or active HR needs further investigation. 

Challenges and attempts at observing resistance responses 

There were some caveats in the results that need further investigation. In experiment 3, 

two haplotype classes (G (3 individuals) and J (4 individuals)) might be escapes and 

several classes had limited replications. This might contribute to some non-significant 

differences and resulted in a larger fine mapped region in Experiments 1 & 3. 

Furthermore, our approach only considers the quantity of phylloxera galls (e.g. count, 

severity rating) and not the success rate of establishment after gall formation. It is 

unknown how successful these resistant plants were at rearing phylloxera. Studies should 

also look at the mother crawler fecundity and egg viability on resistant plants. We 

observed at 5 weeks of the experiment, we noticed that the high density of phylloxera 

population that was established was able to create galls on some of the individuals with 

resistant haplotypes. This is an area of future research to determine if insect population 

density was able to respond to resistance or if insect density contributes to the 

phenotypes. There could also be genotyping and/or imputation errors due to the low DNA 

quality of the automatic DNA extraction method used (Zou et al. 2020).  
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We attempted observing the resistant responses on selected resistant plants in the 

population (Appendix). A range of resistant responses were noted at 5 weeks after 

infestation. Visually, the resistant responses were typically characterized by localized 

discolored spots (occasionally pink) with a necrotic center (Figure A2). Microscopically, 

the resistant responses were mostly likely collapsed parenchyma cells in comparison to 

the lignified numerous parenchyma cells in susceptible responses (galls) (Figure A4). It 

could be these were different stages of the resistant response. A time-course study should 

be conducted to characterize different stages of the response, in comparison with a 

susceptible response. For example, Raman et al. (2009) has observed HR on leaves of a 

resistant V. vinifera variety upon phylloxera infestations, and observed disintegrated cell 

membrane, vacuoles, and organelles with an elevated phenolic content at specific time 

points of 0-48 hours after infestation.  

The most stable form of resistance comes from combining different resistance 

mechanisms into a single or multiple varieties and should be further investigated. One 

disadvantage of using resistant varieties, especially with a single resistance mechanism, is 

that pest populations evolve to overcome resistance. In addition to the ecologically 

induced resistance (e.g. HR) discussed above (Pedigo and Rice 2009), the most widely 

accepted insect resistance mechanisms in plants are antibiosis, antixenosis, and tolerance 

(Painter 1951). Antibiosis involves the production of antimicrobial compounds and 

should be investigated further in regards to understanding resistance gene functions. The 

presence or density of leaf trichome, as an antixenosis mechanism, has been investigated 

in a cold-hardy hybrid grape family and a weak relationship was found between trichome 

density and phylloxera resistance (Chapter 4). Tolerance is best seen in some widely 

adopted North American resistant rootstocks that tolerate root phylloxera and this method 

has been an effective control for almost a century and continues today (Granett et al. 

2001). Whether tolerance is present in grape foliage to phylloxera is not known. 

Although a number of candidate genes were suggested, candidate gene function can only 

be confirmed with more genetic analysis, reverse genetic approaches, and sequencing 

studies. To confirm the fine mapped region, QTL mapping could be conducted on 

crossing ancestral V. riparia × V. vinifera and/or crossing GE1783 individuals only 
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differing at the target region. For example, haplotype classes C and E in Experiment 2 

only differ at the 164-bp marker 14_4805213; haplotype classes F and I in Experiment 3 

only differ at 2.1-4.9 Mbp. Crossing individuals in those classes would recover 

recombinants at the target region to confirm the candidate gene. Local expression of these 

genes might shed lights on the functions of these genes such as those have been done in 

potato (Song et al. 2020). Sequence variations could be compared at these genes between 

MN1264 and MN1246. Gene knock-out experiments can also be conducted to confirm 

the resistance phenotype.  

Conclusions  

This study confirmed that there was a major QTL for resistance to foliar phylloxera and 

fine mapped the locus to 2.1-4.9 Mbp on chromosome 14 with numerous candidate genes 

with a most probably single candidate gene based on the recombinants used in 

Experiment 2. This study serves as a starting place to study resistance gene function to 

gall-forming insects and contributes to the limited existing literature. The rhAmpSeq 

marker at this gene should be important for marker-assisted selection to improve 

phylloxera resistance in cold-hardy hybrid grape breeding programs. This amplicon 

marker should be investigated in the pedigree of the population to identify the source of 

resistance in the MN1264 background. The most probable candidate gene identified, 

together with the resistance response observed here, suggests that the mechanism 

underlying resistance might be a non-responsiveness to gall formation. 

  



   

53 
 

Chapter 3 Tables and Figures 

Table 3.1.5Quantitative trait loci detected on chromosome 14 for foliar phylloxera traits in 108 selected 
recombinants of a cold-hardy hybrid grape population, GE1783. Multiple imputation interval mapping was 
used except for area under disease progress curve (AUDPC) where Haley–Knott interval mapping was 
used. 

Trait 
Peak 

position 
(cM) 

Peak marker 
Interval 
(Mbp) 

Peak 
LOD 

%phenotypic 
variation 
explained 

Leaves infested (%) 12.5 14_1509565 0.7-4.8 11.2 37.9 

Phylloxera rating* 15.8 14_4805213 0.3-10.2 11.0 37.5 

Gall count* 12.6 14_2055250 0.7-4.8 11.5 38.8 

Galls/leaf* 12.6 14_2055250 0.7-4.8 10.9 37.2 

AUDPC 15.8 14_4805213 3.0-4.9 13.8 44.8 

*: natural log transformed  
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Table 3.2.6Candidate genes within the 2.1-4.9 Mbp fine mapped phylloxera resistant genetic locus on 
chromosome 14 based on PN40024 12X reference. 

Candidate gene No. genes 

alpha-crystallin domain-containing protein 22.3/-like 3 
amidase 1 1 
autophagy-related protein 18h 1 
basic 7S globulin/-like 2 
bifunctional 3-dehydroquinate dehydratase/shikimate dehydrogenase, chloroplastic 3 
branched-chain-amino-acid aminotransferase-like protein 2 1 
cation/calcium exchanger 5 1 
cyclin 2 
disease resistance protein At4g/-like 7 
DNA excision repair protein ERCC-1 1 
DNA polymerase zeta catalytic subunit 1 
esterase 1 
eukaryotic translation initiation factor 3 subunit J 1 
extensin-like 1 
F-box protein At/-like 2 
F-box/kelch-repeat protein At1g57790-like 6 
FRIGIDA-like protein 2 
GDSL esterase/lipase At/-like 2 
germin-like protein 25 
gibberellin receptor GID1A 1 
glucose and ribitol dehydrogenase 1 
glutathione synthetase 1 
heavy metal-associated isoprenylated plant protein 33 1 
histidine-containing phosphotransfer protein 1 1 
histone H2AX-like 1 
kinesin-like protein 3 
lipoxygenase 1 
long chain acyl-CoA synthetase 7 1 
lysine-specific demethylase JMJ25 1 
mannosylglycoprotein endo-beta-mannosidase 1 
methionine--tRNA ligase cytoplasmic 1 
mevalonate kinase 1 
microRNA MIR3629b 1 
mitochondrial Rho GTPase 1 1 
mitogen-activated protein kinase kinase kinase NPK1 1 
nuclear transcription factor Y subunit 2 
paramyosin 1 
pentatricopeptide repeat-containing protein At3g 3 
peroxisomal adenine nucleotide carrier 1 1 
phosphoglycerate mutase-like protein AT74 1 
piezo-type mechanosensitive ion channel homolog 1 
probable linoleate 9S-lipoxygenase 5 1 
probable LRR receptor-like serine/threonine-protein kinase RKF3 1 
probable microtubule-binding protein TANGLED 1 
probable protein S-acyltransferase 17 1 
probable Xaa-Pro aminopeptidase P 1 
protein ALWAYS EARLY 2 1 
protein AUXIN RESPONSE 4 1 
protein BONZAI 3 5 
protein FANTASTIC FOUR 1 1 
protein indeterminate-domain 2 1 
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protein YIPF1 homolog 1 
psbP domain-containing protein 7, chloroplastic 1 
putative receptor-like protein kinase At3g47110 2 
putative UDP-glucuronate:xylan alpha-glucuronosyltransferase 4 1 
receptor-like cytosolic serine/threonine-protein kinase RBK2 1 
S ribosomal protein L 2 
serine/threonine-protein kinase CDL1 1 
serine/threonine-protein phosphatase 7 long form homolog 2 
serine--tRNA ligase 1 
signal peptidase complex subunit 3B 1 
sodium/hydrogen exchanger 2 
sucrose nonfermenting 4-like protein 1 
sugar transporter ERD6-like 7 
trafficking protein particle complex subunit 6B-like 1 
transcription factor bHLH94 1 
ubiquitin-protein E3 ligase/-like 2 
UDP-N-acetylglucosamine transferase subunit ALG13 homolog 1 
uncharacterized GPI-anchored protein At3g06035 1 
uncharacterized mitochondrial protein AtMg00810-like 1 
UPF0481 protein At3g47200-like 8 
UPF0603 protein At1g54780 1 
vesicle-associated protein 2-2 1 
pseudogene 10 
Transfer RNA 4 
Total 158 
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Figure 3.1.9LOD plots of phylloxera traits obtained from interval mapping in R/qtl across the genetic and 
physical positions on chromosome 14 of 108 selected individuals from a cold-hardy hybrid grape 
population, GE1783. Green colored segment on chromosome: previously found phylloxera QTL (Clark et 
al. 2018). 
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Figure 3.2.10(A) Phenotypic means of phylloxera traits and (B) graphical genotypes of 10 different 
haplotype classes at 11.1-18.0 cM (1.5-6.4 Mbp) on chromosome 14 representing 53 individuals of a cold-
hardy hybrid grape population, GE1783. Letters within a trait indicate significant differences among 
haplotype classes A through J (Tukey’s HSD) fitting a mixed linear model; the parentheses after a 
haplotype class is the number of individuals in that class; the red colored segments indicate the resistant (R) 
phylloxera haplotype inherited from MN1264; the black box high-lights the fine mapped region. 
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Figure 3.3.11(A) Phenotypic means of phylloxera traits and (B) graphical genotypes of 15 different 
recombinant classes at 0-18.0 cM (0-6.4 Mbp) on chromosome 14 representing 26 individuals of a cold-
hardy hybrid grape population, GE1783. Letters within a trait indicate significant differences among 
haplotype classes A through O (Tukey’s HSD) fitting a mixed linear model; the parentheses after a 
haplotype class is the number of individuals in that class; the red colored segments indicate the resistant (R) 
phylloxera haplotype inherited from MN1264; the black box high-lights the fine mapped region.

C
hr

om
os

om
e 

14
 (

cM
) 





   

60 
 

Chapter 4 Genetic mapping and fine mapping of leaf trichome density in cold-hardy 

hybrid wine grape populations 

 

Introduction 

Grape is an important economic crop grown in more than 80 countries and includes 70 or 

more species (summarized in Riaz et al. 2007; Ma et al. 2016). Trichomes, projections on 

plant surfaces on different organs composed of epidermal cells (Schmidt 2014), are a 

distinctive feature for speciation (ampeolography) in the Vitis genus (Gerrath et al. 2015; 

Ma et al. 2016; Cheng et al. 2013). Barba et al. (2019) found trichome density QTL on 

chromosomes 1 and 15 using a hybrid grape population of ‘Horizon’ × Illinois 547-1 and 

suggested a few candidate genes. We observed segregation for leaf trichome density in a 

cold-hardy hybrid grape population GE1025 (N=~125, MN1264 × MN1246; population 

described in Teh et al. 2017) which was previously used to study genetic resistance to 

foliar phylloxera and a QTL was detected on chromosome 14 (Clark et al. 2018). 

Phylloxera, Daktulosphaira vitifoliae (Fitch), is especially a problem on foliage of cold-

hardy hybrid wine grapes, which dominate Vitis species grown in the Midwest (Yin et al. 

2019). We hypothesized that high trichome density was associated with resistance to 

foliar phylloxera.  

Trichomes play an important role in plant defense (Schmidt 2014). In numerous plant-

insect interactions, the correlation is negative between trichome density and small 

herbivorous arthropods feeding, oviposition responses, and larval development (Levin 

1973). While trichomes can be categorized into glandular and non-glandular trichomes, 

the current study only examines non-glandular trichomes, categorized by Ma et al. (2016) 

as ribbon and simple types (Figure 4.1).  

Trichomes are one morphological feature that plants use to combat insect pests. While the 

most widely accepted resistance mechanisms include antixenosis, antibiosis, and 

tolerance (Painter 1951), the current study focused on antixenosis. Antixenosis refers to 

the plants having certain characteristics, including morphological and chemical, that are 

non-preferable to the pest (Pedigo and Rice 2009). With morphological antixenosis, 

plants have structures that physically impede the normal behaviors of the pest, as is the 
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case for leaf trichomes (Pedigo and Rice 2009). Morphological antixenosis provides a 

first line of defense that is not easily overcome by the pest as opposed to most chemical 

based resistance (Pedigo and Rice 2009). Thus, trichomes are one of the potential durable 

resistance targets for plant breeders.  

Trichomes have been a target for breeding programs in a range of crop species. 

Trichomes have been studied in several dicot species including Brassica spp., field bean 

Phaseolus cultivars, soybean (Glycine max) (Agren and Schemske 1992; Levin 1973). 

Glabrous mutants were found to be unfavorable to whitefly in cotton (Gossypium 

arboreum) and favorable to larvae of a white butterfly and a cabbage fly in Arabidopsis 

halleri (Grover et al. 2016; Sato and Kudoh 2015). Previous work on the glabrous cotton 

mutant suggests that a single recessive gene was responsible for absence of trichomes 

(Baljinder et al. 2011). In Arabidopsis spp., a rich pool of literature documents gene 

regulatory networks involved in trichome patterning. These include major genes 

GLABRA1 (GL1), myb domain protein 23 (MYB23), GLABRA3 (GL3), its homologue, 

and TRANSPARENT TESTA GLABRA1 (TTG1) (Grebe 2012). In Vitis, Barba et al. 

(2019) found trichome density QTL on chromosomes 1 and 15 using a hybrid grape 

population of ‘Horizon’ × Illinois 547-1 and suggested a few candidate genes such as 

GL1, GLABROUS INFLORESCENCE STEMS2 (GIS2), zinc finger protein 8 (ZFP8), 

and REPRESSOR of GA1-3 (RGA). However, the QTL for trichome density on 

chromosome 1 and 15 found by Barba et al. (2019) ranged from 3 to 8 Mbp, a relatively 

wide region to identify the candidate gene. 

We observed segregation for leaf trichome density in a cold-hardy hybrid wine grape F1 

population GE1025 (N=~125, MN1264 × MN1246; Teh et al. 2017) which was 

previously used to detect a QTL underlying foliar phylloxera resistance on chromosome 

14 (Clark et al. 2018). Phylloxera, Daktulosphaira vitifoliae (Fitch), is especially a 

problem on foliage of cold-hardy hybrid wine grapes, which dominate Vitis species 

grown in the Midwest (Yin et al. 2019). We hypothesized that high trichome density was 

associated with resistance to foliar phylloxera. MN1264 and MN1246 are two advanced 

University of Minnesota (UMN) grape breeding selections with 6 Vitis in their pedigree. 

The phylloxera resistant parent, MN1264, showed more trichomes than the susceptible 
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parent, MN1246. Anecdotally, dense ribbon trichomes in the V. labrusca hybrid 

‘Edelweiss’ were noted alongside low foliar phylloxera infestation.  

This study aimed to validate the previously reported trichome QTL and its relationship to 

foliar phylloxera resistance using the population GE1025 (Experiment 1), then fine map 

the QTL using a larger F1 population GE1783 (N=~1023, MN1264 × MN1246) which 

was used to fine map phylloxera resistance QTL (chapter 3) (Experiment 2), and to 

sequence candidate genes in the parents of the populations (Experiment 3) for a better 

understanding of candidate gene sequence variations and making more informed breeding 

decisions. 

Materials & Methods 

QTL mapping in GE1025 population (Experiment 1) 

Plant materials 

In the winters of 2018 and 2019, three replications of dormant, hardwood stem cuttings 

were collected from each field-grown GE1025 genotype as top-wire high-cordon trained 

vines at the UMN Horticultural Research Center (44˚52’08.1”N, 93˚38’17.3”W). In 

2018, cuttings were collected on February 14 and stored at 4˚C until March 14 to ensure 

that chilling requirements were met. In 2019, cuttings were collected on December 20, 

2018 and stored at 4˚C until January 25. Dormant, two-node cuttings were made and 

moved to water (2018) or perlite (2019) to induce budbreak. Cuttings were maintained at 

the Plant Growth Facilities at UMN Saint Paul campus at an average temperature of 22˚C 

and a day length of 16 h until budbreak (~1 month). Three replications of potted, 

greenhouse grown MN1264, MN1246, ‘Edelweiss’ (hairy), and ‘Frontenac’ (glabrous) 

were used as checks to quantify the observed variation in trichome density (in 2019 

‘Frontenac’ were propagated from cuttings). 

In summer of 2019, three replications of the first mature leaf (observed as the oldest leaf 

that is still tender but is fully expanded) were collected from each field-grown GE1025 

genotype (hereafter referred to as “2019 field”). Leaves were kept in plastic bags and 

maintained on ice until trichome scoring. Three replications of greenhouse grown 

MN1264, MN1246, ‘Edelweiss’, and ‘Frontenac’ were used as checks.  
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Trichome scoring 

Trichome incidence (presence or absence; Figure 4.1) and trichome density (a 0-6 rating 

scale; Figure 4.2) for ribbon and simple types were recorded under 22.5X magnification 

using an Omano® stereo dissecting microscope. In 2018 and 2019, the first mature/last 

tender leaf from the first node of each cutting was recorded. In 2019 field, field collected 

leaves were kept at 4˚C and scored within 4 days for trichome density only. When the 

first mature leaf was too small or the first node died, measurements were taken on the 

next available leaf or the lower node. The incidence and density of trichomes were 

recorded on various leaf positions on both sides of the leaf including major leaf vein, leaf 

blade between veins (hereafter referred to as “leaf”), petiole, and leaf margin (recorded 

only on adaxial side) (Figure 4.3). Several density traits not recorded in 2018 were added 

in 2019; only trichomes on leaf and vein were scored in 2019 field samples 

(Supplementary Table 4.1).  

Phenotypic analysis 

Pearson correlations were calculated between trichome density traits across all three 

experiments and foliar phylloxera traits measured previously by Clark et al. (2018) using 

rcorr function in “Hmisc” package and visualized by the “corrplot” package in R version 

3.6.0 (R-Core-Team 2019; Harrell 2019; Wei and Simko 2017). Narrow-sense 

heritabilities (h2) for trichome density were calculated as Ʃ²g/((g-1)/r*σ²+Ʃ²g) where Ʃ²g is 

the variance due to genotypes (fixed), g is the number of genotypes, r is the number of 

replications and σ² is the variance due to error (Bernardo 2010).  

Two-sided t-tests with unequal variances of foliar phylloxera traits (Clark et al. 2018) 

were performed on trichome incidence; presence was defined as occurring in at least one 

replication and absence was defined as lacking in all 3 replications of each GE1025 

genotype for each leaf position. Analysis of variance (ANOVA) was conducted on 

trichome density through fitting a linear model of genotype as a fixed effect and 

replication as a random effect. Error normality of the linear model and variance 

homogeneity among GE1025 genotypes were examined using plot.lm function and 

leveneTest function in “car” package in R (Fox and Weisberg 2019). Natural log and 

square root transformations were performed on density traits that did not have residual 
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normality. If a transformation improved the error variance to normal or nearly normal, 

that transformation was used. If a trichome density trait had a non-normal error 

distribution or unequal variances, no ANOVA results were reported. 

To confirm our hypothesis that MN1264 had more trichomes than MN1246, phenotypic 

trichome scores of MN1264 and MN1246 were compared and with that of ‘Edelweiss’ 

and ‘Frontenac’ on leaf and vein for ribbon and simple types using TukeyHSD function in 

R after fitting a linear model of genotype by experiment effect (2018, 2019, 2019 field, 

and fine mapping experiment) plus a replication effect. The model was examined by 

anova function in R with genotype effect manually corrected by MSgeno/MSgeno*exp and 

the residual normality was checked using the plot.lm function. For traits with normally 

distributed errors and a significant genotype effect, Tukey’s HSD tests was conducted 

and trait means were visualized using ggplot2 (Wickham 2016). 

Genotyping 

Genotyping-by-sequencing (GBS) SNP data used for GE1025 population was published 

previously by Teh et al. (2017). GBS data were generated following ApeKI restriction 

digestion as described by (Elshire et al. 2011), using 384 barcodes for library preparation 

(Hyma et al. 2015) with Illumina single-end HiSeq 2000 sequencing (San Diego, CA). 

Maternal and paternal linkage maps were constructed in JoinMap 4.1 using 1649 and 

1375 high-quality biallelic SNP markers, respectively (Teh et al. 2017).  

QTL analysis 

Interval mapping using scanone function of R/qtl was used to conduct quantitative trait 

locus (QTL) analysis on trichome density traits (Broman 2009). For trichome density 

traits with approximately normal residuals, a multiple imputation method was performed 

with 128 imputations and a step size of 1. For trichome density traits with non-normal 

residual distributions, the Haley–Knott (HK) method was performed with a step size of 1. 

The 5% logarithm of odds (LOD) threshold for significant QTL was determined for both 

methods by 1000 permutations. Effect plots were examined for each marker at the peak 

of a QTL and the high trichome density allele and low density allele were recorded. For 
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trichome incidence traits (not including 2019 field), a binary mapping method was 

conducted.  

To validate the R/qtl findings, genome-wide association mapping (GWAS) with a mixed 

linear model (MLM) was performed using TASSEL 5 (Bradbury et al. 2007) using 27288 

SNP markers on GE1025 from Teh et al. (2017) with the kinship matrix included as a 

covariate to control falsely associated markers. A conservative Bonferroni threshold, a -

log₁₀(0.05/27288) score of 5.74, was used to determine the threshold for significant 

markers associated with each trichome density trait. A general linear model was also 

performed but the MLM with kinship matrix gave better fit of QQ plots for most of the 

traits except for adaxial leaf simple trichome density 2019. 

Fine mapping in GE1783 population (Experiment 2)  

Plant materials 

Based on preliminary QTL results of experiment 1, 183 recombinant genotypes from 

population GE1783 within 11.7-20.7 Mbp on chromosome 1 and 3-9 Mbp on 

chromosome 10 were selected for phenotyping. Because the QTL on chromosome 1 (10-

18.09 Mbp) for simple density on adaxial vein was slightly shifted from the QTL for 

other traits, a slightly different but overlapping set of 233 genotypes were selected for 

evaluation. Due to the young vine age of GE1783 plants, available leaf materials were 

variable. One to five replications of the first mature/last tender leaf of these field-grown 

genotypes were collected in three separate days in the first week of October 2019 at 

UMN Horticultural Research Center. Those leaves were kept in plastic bags and 

maintained on ice until digital images were acquired through scanning. Five replications 

of greenhouse grown MN1264 and field-grown MN1246 were used as checks. 

Trichome scoring 

Leaves were scanned using the Epson® Perfection V550 Photo Scanner (Long Beach, 

CA) Office mode within 24 hours of collection. Replications of the same genotype were 

scanned together under 1200 dpi, flipped to the other side of the leaves, scanned, and 

cropped around the leaves. Each scanned image was viewed in Windows Photo Viewer, 

zoomed-in, and scored using the same density scale (Figure 4.2).  
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Genotyping 

rhAmpSeq genotyping was conducted on ~1023 GE1783 genotypes (Zou et al. 2020). 

Briefly, 2000 amplicon markers targeting 250-bp regions evenly distributed across the 

Vitis core genome (average marker distance = 200 kb) were pair-end sequenced on 

Illumina NextSeq 500 (Zou et al. 2020). Because multiple SNPs, insertions, and/or 

deletions can occur in each 250-bp amplicon, these markers represent multi-allelic 

haplotypes, returning up to four alleles per locus in this F1 population of two 

heterozygous parents (Supplementary Figure 10 in Zou et al. 2020). A sex-averaged 

consensus genetic map was constructed from 1387 quality-controlled haplotype markers 

in LepMap3 (Rastas 2017) as previously described (Zou et al. 2020).  

Haplotyping analysis 

To fine map the trichome QTL regions that were repeatedly detected in experiment 1, 

rhAmpSeq data of recombinant genotypes at each locus of interest were associated with 

phenotypes collected in experiment 2. Genotypes were organized into graphical 

haplotype classes with high (H) or low trichome density (L) haplotypes spanning the 

QTL region. Based on results of experiment 1, the genotypic codings “11” and “21” were 

H haplotypes (having allele “1” at the second position/in the mother) and “12” and “22” 

were L haplotypes (having allele “2” in the mother). The genetic region where the 

presence (or loss) of the H (or L) haplotype was associated with the high (or low) density 

phenotype was determined as the fine mapped region. ANOVA was conducted on the 

resulting region with H and L haplotypes fitting haplotype class, number of genotypes 

within each haplotype class, and replication effects using lm and anova functions in R 

with the F-value of haplotype effect manually corrected by MShap/MShap/genos. For ribbon 

trichome density, an additional rater effect was included. For traits with non-normal 

residuals, natural log or square root transformations were performed and their residuals 

re-examined for improvement in normality. ANOVA was not conducted if the 

assumption of residual normality was not met. For traits with a significant haplotype class 

effect, means of H and L haplotypes were separated using Tukey’s HSD at the fine 

mapped region using the glht function in multcomp package in R (Hothorn et al. 2008). 
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Sequencing of candidate trichome genes in the parents (Experiment 3) 

The parents of GE1783, MN1264 and MN1246, were whole-genome pair-end sequenced 

using Illumina HiSeq 2500 for about 20-fold read coverage (Zou et al. 2020). Using bwa 

mem (Li 2013), Fastq sequences of each parent was aligned to PN40024 12X (Vitis 

vinifera) reference sequence (Adam-Blondon et al. 2004; Adam-Blondon 2014; Cipriani 

et al. 2011; Canaguier et al. 2014) which was archived at EMBL (FN597015-FN597047, 

33 entries, release 102) and V. riparia reference sequence (Girollet et al. 2019) was found 

at EgfvGenomeBrowser. Using samtools (H. Li et al. 2009), sorted bam file of each 

parent at each target region was produced. 

MN1264 and MN1246 were also sequenced at the three trichome candidate genes 

identified by Barba et al. (2019) using long range PCR and nanopore sequencing. Primers 

were designed with sample-specific barcodes targeting these candidate genes on 

chromosome 1 at 8.1 Mbp (GL1/MYB23), 9.7 Mbp (GIS2/ZFP8), and 19.2 Mbp 

(RGA/RGA-LIKE 1) (Supplementary Table 4.2) following guidelines according to 

Chauhan (2019) using Primer3Plus® (Untergasser et al. 2012) and IDT PrimerQuest® 

(Coralville, Iowa). DNA of MN1264 and MN1246 were extracted from Qiagen DNeasy® 

96 Plant Kit (Venlo, the Netherlands) and stored at -40˚C. Long range PCR was 

performed. For two of the regions (9.7 and 19.2 Mbp), the rapid PCR protocol was 

performed: 1 µl of ~50 ng/µl DNA, 2 µl of the PrimeSTAR® GXL DNA polymerase 

(Takara Bio Inc., Japan), 1 µl of 10 µM forward primer, 1 µl of 10 µM reverse primer, 4 

µl of dNTP mixture, and 10 µl of 5X PrimeSTAR® buffer to a final volume of 50 µl at 

98˚C for 10 seconds and 68˚C for 4 minutes of 30 cycles. For the other region (8.1 Mbp), 

the standard PCR protocol was performed with the same reagents except for 1 µl of DNA 

polymerase at 98˚C for 10 seconds, 60˚C for 15 seconds, and 68˚C for 2.5 minutes of 30 

cycles. To confirm the presence and approximate size of the PCR products, PCR products 

were visualized on 1.5% agarose gel with 1 µg/ml ethidium bromide under 80 volts for 

1.5 hrs. PCR products were cleaned using QIAquick® PCR Purification Kit (Venlo, the 

Netherlands) and stored at -40˚C.  

Nanopore sequencing using the Flongle adapter was conducted on pooled PCR products 

across samples and candidate regions (Oxford Nanopore Technologies, UK). To prepare 
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sequencing libraries, the ligation sequencing kit SQK-LSK109 was used. Samples were 

demultiplexed in minibar (Krehenwinkel et al. 2019) and basecalling was done by Guppy 

version 3.3.3+fa743a6. To compare variation between MN1264 and MN1246 at these 

three regions, each of their sequences were aligned to the PN40024 12X Vitis vinifera 

and V. riparia reference genomes using minimap2 (Li 2018) and samtools (Li et al. 

2009).   

For each sample at each region, the bam file of the available shotgun or nanopore 

sequencing was imported into Geneious® (Auckland, New Zealand) to generate a 

consensus sequence at 25% threshold with default settings. For samples with a 

heterozygous insertion/deletion, the bam reads were manually separated into one bam file 

with the insertion/deletion and one bam file without the insertion/deletion and two 

consensus sequences were generated to represent the heterozygous nature of that 

variation for that individual. For visualization, the consensus fasta files of MN1264 and 

MN1246 were aligned to the PN40024 12X reference and V. riparia reference 

respectively using SnapGene® (San Diego, CA). 

Results 

Consistent phenotypic scores across years/experiments 

Phenotypic correlations were generally high between 2019 cuttings and 2019 field 

evaluations for ribbon (r = 0.46 - 0.79) and simple trichome density (r = 0.22 - 0.75) in 

GE1025 (Figure 4.5). The checks including the parents were consistent across all 

evaluations (2018, 2019, 2019 field, and fine mapping experiment). The hirsuite V. 

labrusca-based variety ‘Edelweiss’ had higher ribbon density than ‘Frontenac’ except for 

abaxial vein in 2019, while ‘Frontenac’ had higher simple density on vein and edge than 

‘Edelweiss’ (data not shown). 

In general, MN1264 had more trichomes than MN1246 including ribbon trichome density 

on abaxial vein, adaxial leaf (significantly different at p = 0.026), and adaxial vein and 

simple trichome density on abaxial vein in all evaluations (Supplementary Figure 4.4). 

The exception was for simple trichome density on adaxial vein where MN1246 had 

numerically higher value than MN1264 (Supplementary Figure 4.4). 
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QTL mapping revealed two regions for multiple trichome density traits 

Narrow-sense heritability of trichome density at each sample position was relatively high 

in GE1025, ranging from 64 to 95%. In total, we detected a single QTL for 8 trichome 

density traits and two or three QTL for 5 traits (Figure 4.4, Table 4.1 and 2). Not many 

QTL interactions were observed except for an interaction between the QTL on 

chromosomes 1 and 5 for abaxial leaf ribbon trichome density in 2019 and 2019 field 

(data not shown). For trichome incidence, no consistent results were found in 2018 and 

2019, even though for abaxial leaf simple in 2018, we did detect a QTL on chromosome 

1 (Supplementary Figure 4.1).  

For genetic regions on chromosomes 1, 5, 10, and 17, we detected coincident QTL for 

multiple trichome density traits. Due to the number of traits measured, we will discuss 

ribbon and simple trichome separately. 

Ribbon trichome density 

Four ribbon trichome density traits were mapped to 11.7 to 20.7 Mbp on chromosome 1 

(hereafter referred to as the “chromosome 1 QTL”) and five traits were mapped to 2.4 to 

8.9 Mbp on chromosome 10 (hereafter referred to as the “chromosome 10 QTL”) 

according to the PN40024 12X reference (Figure 4.4; Table 4.1). The chromosome 1 

QTL was found on the MN1264 map and explained 13.8-48.2% of phenotypic variation 

for ribbon trichome density. The chromosome 10 QTL was found on the MN1246 map 

and explained 12.6-27.5% variation for ribbon density (Table 4.1). GWAS found similar 

results in that the chromosome 1 QTL were also detected (as significant or nearly 

significant) for ribbon trichome density at adaxial leaf and adaxial vein positions in 2019 

and 2019 field (Supplementary Figure 4.2 as an example). The chromosome 1 QTL for 

adaxial leaf and vein positions were repeatedly detected in two experiments (Table 4.1). 

GWAS found similar results that the chromosome 10 QTL were also detected for abaxial 

petiole and adaxial petiole positions.  

Simple trichome density 

Six simple trichome density traits were mapped to the chromosome 1 QTL region (10-

20.7 Mbp for adaxial vein), which explained 12.1-31.2% variation on the MN1264 map 

and 13.3-26.1% variation on the MN1246 map (Figure 4.4, Table 4.2). The chromosome 
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1 QTL was also detected through GWAS for simple trichome density at abaxial leaf, 

abaxial vein, adaxial vein, leaf margin, adaxial and abaxial petiole positions in 2019 and 

2019 field. QTL for abaxial leaf, abaxial vein, adaxial vein positions have been detected 

in two or more experiments (Table 4.2).  

A weak, negative relationship between foliar phylloxera severity and trichome density 

The associations between trichomes and foliar phylloxera severity were non-significant 

except that trichomes on leaf blade and vein were negatively correlated with phylloxera 

severity. Presence of simple trichome on leaf and vein, independent of the adaxial or 

abaxial surface, significantly affected number of galls, percent leaves with galls, galls per 

leaf, visual rating and AUDPC (Supplementary Table 4.3). We found correlation 

coefficient (r) of -0.21 to -0.19 between ribbon density on vein with phylloxera severity 

at 2 weeks after infestation in one of two environments (Figure 4.5). We also found 

correlations (r = -0.28 to -0.19) between simple trichome density on vein and abaxial leaf 

with phylloxera severity at 3 and 4 weeks after infestation in one of the two environments 

(Figure 4.5). In addition to the weak phenotypic associations, QTL of trichome density 

and incidence were in different chromosomes from those that found for phylloxera 

severity traits which were on chromosome 14 of MN1264 map (Clark et al. 2018).  

Trichome QTL on chromosome 1 fine mapped to 140 kb 

The QTL from 11.7 - 20.7 Mbp (a 9-Mbp region) on chromosome 1 for ribbon trichome 

density on adaxial vein and adaxial leaf and from 10-20.7 Mbp (a 10.7-Mbp region) for 

simple density on abaxial vein were fine mapped to a 140-kb region from 12.75 - 12.89 

Mbp (Supplementary Figure 4.3). We found residual normality and a significant 

haplotype class effect of ANOVA for ribbon density on adaxial leaf, adaxial vein, and 

abaxial vein, and simple density on adaxial vein and abaxial vein (Table 4.3). Individuals 

with L haplotypes at 12.75 to 12.89 Mbp were significantly lower than individuals with H 

haplotypes for ribbon density on adaxial leaf (square-root transformed), ribbon density on 

adaxial vein, and simple density on abaxial vein (Table 4.3). For QTL on chromosome 

10, we were not able to determine clear graphical genotypes segregating for ribbon 

trichome density after controlling for the chromosome 1 QTL (data not shown). For QTL 

on chromosome 1 for simple trichome density on adaxial vein, the graphical genotypes 
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showed that the region 14.68-14.79 Mbp might be responsible, but Tukey’s HSD showed 

no difference of this trait between H and L haplotypes at this region (Table 4.3). 

Candidate trichome genes 

The fine mapped region contains 13 candidate genes and 2 pseudogenes based on the 

PN40024 12X reference genome (V. vinfiera) (Supplementary Table 4.4) and 15 

candidate genes on V. riparia reference genome (Supplementary Table 4.5). Some 

candidate genes were found in both reference genomes such as genes encoding products 

similar to methyltransferase-like protein 7A, KH domain-containing protein, 

photosynthetic NDH subunit of lumenal location 2, and uncharacterized endoplasmic 

reticulum membrane protein. The whole-genome shotgun sequencing only provided 

coverage at one of the pseudogenes, giving limited data for analysis. At this pseudogene 

on the V. vinfiera reference, MN1264 had a 5-bp homozygous deletion while MN1246 

had a heterozygous deletion (Supplementary Figure 4.8). For the corresponding region on 

the V. riparia genome (no genome annotation), MN1264 had a 2-bp heterozygous 

insertion variation and MN1246 had no variation (Supplementary Figure 4.9).  

The three candidate genes suggested by Barba et al. (2019) include transcription factor 

WEREWOLF (WER), zinc finger protein 5 (ZFP5), and SCARECROW-LIKE (SCR-

LIKE) protein 21 at 8.1, 9.7, 19.2 Mbp on the PN40024 12X reference. Sequences of 

these candidate genes were BLASTed to approximate positions at 8.5, 10.7, and 20.1 

Mbp on the Vitis riparia genome. Similar gene annotations were identified including 

transcription factor WER, zinc finger protein GIS3 (GIS3), and DELLA protein 

GIBBERELLIN-INSENSITIVE 1 (GAI1). Sequence variations at candidate genes WER 

and SCR-LIKE 21/GAI1 were obtained from nanopore sequencing while variations at 

candidate gene ZFP5/GIS3 were obtained from whole genome shotgun sequencing 

because of the low read depth of nanopore sequencing at this gene. 

The long-range PCR nanopore sequencing results show a polymorphism at the end of the 

exon of transcription factor WER between the parents based on the V. vinifera reference. 

MN1264 had an 8-bp homozygous deletion and MN1246 had an 8-bp heterozygous 

deletion. Based on the V. riparia reference, at an intron of transcription factor WER, 
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MN1246 had a 26-bp heterozygous insertion where MN1264 did not (Supplementary 

Figure 4.5).  

For the second candidate gene (ZFP5 on V. vinifera reference or GIS3 on V. riparia 

reference), there were several insertion-deletion differences between MN1264 and 

MN1246 upstream of ZFP5 or in the CDS of GIS3. For example, upstream of the exon of 

ZFP5 on the 12X reference, MN1264 had homozygous deletions at two places where 

MN1246 had a heterozygous deletion or no variation; MN1246 had a 10-bp heterozygous 

deletion at another place while MN1264 did not (Supplementary Figure 4.6; 

heterozygous deletions not shown). On the V. riparia reference, in CDS of zinc finger 

protein GIS3, MN1264 had a 13-bp homozygous deletion and a 10-bp insertion 

(Supplementary Figure 4.7).  

For the third candidate gene, MN1264 had a 16-bp potentially heterozygous insertion and 

MN1246 had an 8-bp heterozygous deletion around this region at the beginning of coding 

sequence of SCL21 based on the V. vinifera reference (Supplementary Figure 4.10). On 

the V. riparia reference, this variation still seemed to exist, just upstream of CDS of 

GAI1. 

Discussion 

This is the first study to fine map leaf trichome density traits in a hybrid grape family 

based on QTL reported by us and others (Barba et al. 2019). They reported QTL on 

chromosome 1 from 8.7 to 15.5 Mbp for adaxial ribbon density and from 10.1 to 18.4 

Mbp for simple density using a hybrid grape population of ‘Horizon’ × Illinois 547-1. We 

validated their QTL in a different genetic background using a Minnesota hybrid grape 

population with genomic contributions from 6 Vitis species (Teh et al. 2017). Due to 

different populations studied and the different phenotyping methods used, our QTL (10 to 

20.7 Mbp on chromosome 1) were slightly shifted but overlapping from that found by 

Barba et al. (2019). We further fine mapped the QTL for three traits, ribbon density on 

adaxial vein, ribbon density on adaxial leaf, and simple density on abaxial vein to a 140 

kb region (12.75 - 12.89 Mbp) and sequenced the candidate genes on chromosome 1 

proposed by Barba et al. (2019) in the parents of our mapping populations, MN1264 and 

MN1246.  
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This study has repeatability across different years/experiments. The high correlations 

between trichome density on forced cuttings in two years and on field grown leaves 

suggested repeatability of the experiment. Together with a relatively high heritability (h2 

= 64 - 95%), trichome density is a trait with a limited environmental effect. Besides, the 

consistency of observing ‘Edelweiss’ as having more ribbon trichomes than ‘Frontenac’ 

across experiments confirmed these results. The GWAS analysis, as a single-marker 

approach, found some of the same QTL confirming the QTL found by interval mapping 

using scanone of R/qtl and both methods supported the use of the rhAmpSeq marker 

platform (Zou et al. 2020).  

However, this study has a few limitations. Firstly, phenotyping resolution shall be 

improved especially for simple adaxial trichome at leaf and vein positions. Those 

trichomes on adaxial surface were hard to score due to their small size and we first 

noticed them in 2019 cuttings and 2019 field. For fine mapping, the limitation in scanner 

resolution could have added another barrier for accurate phenotyping. Another limitation 

was that the MN1264 × MN1246 populations had limited segregation for trichome 

density on leaf blade, as seen by the non-normal residuals of the fitted linear models 

(Table 4.1 and 2). This might have made QTL mapping difficult and the observation of a 

phenotypic correlation with phylloxera difficult. Perhaps other populations with more 

trichome variation on the leaf blade shall be investigated. Another possible limitation was 

the high SNP error rate of nanopore technology, limiting the analysis to only insertion 

and deletion variants (Chaisson et al. 2019). We investigated whole-genome shotgun 

sequencing data on the parents. But due to low coverage, we were only able to identify 

sequence variation at one candidate pseudogene within our fine mapped region.  

The pseudogene within our fine mapped region and three candidate genes sequenced (at 

12.8, 8.1, 9.7, 19.2 Mbp on chromosome 1) suggest potential functional variations 

compared to two reference genomes and serve as a starting point for future studies. For 

the pseudogene, MN1264 has a homozygous deletion while MN1246 has a heterozygous 

deletion suggesting a loss of function of this gene in MN1264 and potential partial loss of 

function in MN1246. This might be a potential new gene for trichomeless phenotype.  
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The first candidate gene proposed by Barba et al. (2019), transcription factor WER, 

regulates a negative regulator in lipid production in Arabidopsis thaliana GLABRA2 

(GL2) and regulates hairless cell fate (summarized by Yao et al. 2013). The homozygous 

deletion observed in MN1264 at the end of transcription factor WER on the V. vinifera 

reference suggested loss of both functional gene copies and might explain why there was 

a dense trichome phenotype in MN1264 (ribbon trichomes on abaxial vein, adaxial leaf, 

and adaxial vein and simple trichomes on abaxial vein). MN1246 had a heterozygous 

deletion at this position on V. vinifera reference which can suggest MN1246 retain one 

functional copy of hairless allele explaining the less dense trichome phenotype, assuming 

the gene had an additive effect. As for the insertion of MN1246 at similar position on V. 

riparia genome, because it was in the intron, we were unsure that this sequence variation 

actually led to any functional variation. If it did, that might suggest the intermediate 

dense trichomes in MN1246 (simple trichomes on adaxial vein) was due to the loss of 

one functional copy of transcription factor WER, as compared to no trichome phenotype 

of MN1264 for this trait.  

For the second candidate gene, both ZFP5 and GIS3 are C2H2 zinc finger proteins which 

control trichome cell development through GA and cytokinin signaling in Arabidopsis 

(Sun et al. 2015). The overexpression of ZFP5 results in ectopic trichome formation on 

carpels and other inflorescence organs while the loss-of-function results in a reduced 

number of trichomes (Zhou et al. 2011). Whether the sequence variations upstream and in 

the introns of ZFP5 led to phenotype variation, we did not know. For the homozygous 

deletion and the insertion observed in MN1264 in the CDS of GIS3 also requires further 

study, since GIS3 is important for trichome initiation (Sun et al. 2015). Why or whether a 

dysfunctional copy of GIS3 existed in MN1264 remains to be better understood. 

Sequence and expression analyses may reveal differential expressions at these regions 

between MN1264 and MN1246. Gene knock-out strategies as performed in other crops 

(Gao et al. 2013) can also be conducted on this and other candidate genes in MN1264 to 

validate gene functions. 

The third candidate gene, SCR and SCR-LIKE, is required for proper radial patterning of 

roots and shoots and have high structural and sequence similarity to GIBBERELLIN-
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INSENSITIVE (GAI) and RGA in Arabidopsis thaliana (Pysh et al. 1999). DELLA GAI 

proteins are negative regulators of GA responses (Ariizumi et al. 2008). The insertion 

observed in MN1264 at the beginning of SCR-LIKE 21 on V. vinifera reference 

suggested that MN1264 lost one functional copy of SCR-LIKE 21 and such variation was 

upstream of DELLA GAI protein on V. riparia reference. How or whether this is related 

to leaf trichome needs further investigation.  

Trichomes on leaf blade and vein, regardless of the side of leaf, perhaps impede 

phylloxera crawler movement. It makes sense as phylloxera is known to infest young leaf 

tissues and trichomes on young tissues perhaps play a role in impeding phylloxera gall 

development. One interesting observation was that ribbon trichomes seemed to impact 

phylloxera severity soon after initial infestation (2 weeks) or throughout the period after 

infestation (1-4 weeks) whereas simple trichomes seemed to be important later after 

infestation (3-4 weeks). This suggested that ribbon trichome possibly served a more 

general role in plant defense while simple trichomes served a more specific role. Also 

more trichome incidence traits seemed to be related to phylloxera severity. It could be 

that the QTL of trichome density were minor QTL for phylloxera resistance which were 

not detected in the relatively small population used (GE1025, N=~125). However, these 

hypotheses need further investigation. To be noted is that gall formation accompanies 

trichome formation at the opening of the gall (Sterling 1952).  

Trichome density itself is important for breeding purposes because of its association with 

disease resistance traits. QTL for trichome density have been found to co-localize with 

QTL for predatory mite and downy mildew resistance (Barba et al. 2019; Kono et al. 

2018; Chitwood et al. 2014). Kono et al. (2018) found a major QTL on chromosome 5 for 

abaxial ribbon trichome density which was also a small effect QTL for downy mildew 

resistance in hybrid grape populations of V. labrusca origin. The adaxial ribbon and 

simple trichome density found by Barba et al. (2019) on chromosome 1 were co-localized 

with the QTL for predatory mite abundance; more trichomes were associated with higher 

predatory mite abundance. Thus depending on the breeding objectives, trichome-dense 

phenotypes can be selected for or against.  
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Trichome density is most prominently related to leaf shape, which plays an important role 

in grapevine taxonomy (Chitwood et al. 2014). Leaf shape confers adaptive advantages to 

the plant such as temperature regulation, photosynthetic capacity, and water use 

(summarized by Demmings et al. 2019). Interestingly, some of these leaf shape traits 

including leaf circularity, petiolar junction to inferior branch points, and leaf lobing were 

also mapped to chromosome 1 (Chitwood et al. 2014). The QTL on chromosome 1 for 

leaf lobing was also detected using V. vinifera or hybrid populations (Demmings et al. 

2019; Welter et al. 2007). Demmings et al. (2019) suggested candidate genes associated 

with leaf lobing such as DELLA family GRAS transcription factor VviRGA5. Leaf shape 

traits are relatively easy to phenotype and do not rely on inoculation, infestation etc. We 

have demonstrated the effectiveness of the manual scoring of scanned leaf samples (Klein 

et al. 2017), compared with labor-intensive scoring under the dissecting scope. This 

allowed for more time for trichome scoring without the worry of leaf deterioration. If 

scanning resolution of leaf samples can be improved and be coupled with an automated 

pipeline to quantify trichome density, the phenotyping process can be achieved 

objectively in a high-throughput manner. Kono et al. (2018) used ImageJ and LP_Mouzi 

plugin to measure ribbon trichome density. One challenge we had was differentiating 

between ribbon and simple trichomes and could not use this methodology. 

Although the current work was initiated to examine the relationship between foliar 

phylloxera resistance and trichome incidence/density, we found a relatively weak 

relationship between them and provided better genetic knowledge for trichome density 

itself, for its role in hybrid grape breeding. Given the nature of multiple Vitis species in 

the pedigrees of cold-hardy hybrid breeding materials, it was challenging to make sense 

of the sequence variations in MN1264 and MN1246 through alignment to a single 

reference genome at a time. Those genes found on both the V. vinifera reference and the 

V. riparia reference are of special interests. To expand upon the current work, the 

ancestors and/or grandparents of MN1264 and MN1246 could be investigated to 

understand which Vitis species did the high trichome density haplotype descended from. 

The grandparents include ‘Frontenac’ and ‘Seyval Blanc’ which are frequently used in 

the breeding program. Within the Vitis germplasm, there is opportunity to explore and 

introduce desirable traits from species such as V. amurensis that exhibit diversity for 
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trichome density, type, and color (Cheng et al. 2013). A better understanding of the 

evolutionary advantages of trichomes such as its role in speciation and pathogen/pest 

defense could allow more targeted breeding and germplasm improvement.  
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Chapter 4 Tables and Figures 

 

Figure 4.1.12Trichome types observed on abaxial leaf blade and veins in a cold-hardy hybrid grape 
population, GE1025, as an example for (A) No trichome; (B) ribbon trichome; (C) simple trichome.
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Figure 4.2.13A representative visual scale to rate ribbon trichome density on adaxial petiole on first mature leaf samples. 
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Figure 4.3.14Leaf positions where trichomes were scored: leaf blade (L), vein (V), petiole (P), and margin 
(M; only on adaxial side) on both sides of the leaf. A comprehensive score was assigned to each of L, V, P, 
and M by evaluating these multiple areas.
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Figure 4.4.15Quantitative trait loci detected on (A) MN1264 map and (B) MN1246 map of a hybrid grape 
population GE1025 of trichome density of ribbon and simple types on adaxial and abaxial leaf surfaces and 
various leaf positions using scanone function of interval mapping (R/qtl). Multiple bars of the same color 
and pattern suggest that the trait has been detected in multiple experiments (2018, 2019, or 2019 field). 
QTL bars represent 95% Bayesian intervals.  

  



   

85 
 

 

 

 

Figure 4.5.16Pearson correlation coefficients between foliar phylloxera traits (Clark et al. 2018) and 
trichome density traits in GE1025, a cold-hardy hybrid grape population. Blank cells: non-significant 
correlation coefficient; black lines divide the matrix into phylloxera traits, ribbon trichome density traits, 
and simple trichome density traits; 18: 2018 forced dormant cuttings, 19: 2019 forced dormant cuttings, 
19F: 2019 field-grown leaves.
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Table 4.1.7Ribbon trichome density QTL found in a cold-hardy hybrid grape population, GE1025, with GBS SNP markers using multiple imputation (imp) and 
Haley–Knott (HK) method of scanone Rqtl with 95% Bayesian intervals. 

  
Side of 

leaf 
Traita Chr Marker Position 

(cM) 
Interval 

(cM) 
Interval 
(Mbp) 

LOD 
%Phenotypic 

variation 

M
N

12
64

 m
ap

 

Adaxial 

 Leaf 18 1 S1_15222119 4.2 0.9-5 12-17.2 7.3 27.2 

 Leaf 19 1 S1_18704100 6.6 3.3-16.3 13-21 7.2 26.8 

 Leaf 19F 1 S1_16785806 4.2 0.9-16 11.9-21 8.1 28.4 

 Vein 19 1 S1_18231605 6.6 2.5-11.5 12.9-19.7 15.6 47.8 

 Vein 19F 1 S1_16785806 4.2 2.5-5 12.9-17.2 16.6 48.2 

Abaxial 

√leaf 19 
1 S1_17146981 5.0 2.5-19.7 12.9-22.1 3.9 14.4 

5 S5_1424484 0.0 0-14.6 1.4-3.6 3.4 13.0 

 Leaf 19Fb 
1 S1_19075517 7.4 0.9-19.7 12-22.1 3.9 13.8 

5 S5_2388377 1.3 0-17.8 1.4-4.2 3.2 11.6 

 Vein 19 1 S1_19817756 9.8 4.2-16 15.2-21 5.5 21.8 

 Vein 19F 
1 S1_19817756 9.8 0-15.5 11.7-20.7 4.3 13.8 

5 S5_2191983 3.2 0-10.5 1.4-2.4 4.5 14.3 

M
N

12
46

 m
ap

 

Adaxial 

 Leaf 18 2 S2_5064468 21.4 0-30.2 1.3-NAc 4.5 18.4 

 Vein 19 10 S10_3523645 21.2 7.2-28.6 NAc-4.9 3.3 14.8 

logₑ petiole 19 10 S0_15860662 22.9 16.3-35.2 2.2-6.6 7.3 27.5 

Abaxial 

√leaf 19 
3 S3_6543591 46.2 34.5-65.9 4.5-12.3 3.1 11.5 

10 S10_5314224 29.5 9-36.8 1.2-8.9 3.2 12.6 

 Leaf 19Fb 10 S0_15860662 22.9 0-36.8 2.5-8.9 3.0 13.8 

 Vein 19 10 S10_3523645 21.2 7.2-35.2 NAc-6.6 4.5 18.7 

 Petiole 19 

4 S4_17966014 59.9 57.5-68.2 17.8-20.5 4.7 10.8 

6 S6_20918375 81.0 28-89.5 7.9-22.2 3.1 9.0 

10 S10_5599086 32.8 22.9-35.2 NAc-6.6 6.8 19.6 
aTrichome density measured at that position on the leaf in 2018 (18), 2019 (19), or 2019 field (19F); some traits were transformed by square-root (√) or natural log (logₑ)  
bResiduals non-normally distributed even after transformation 
cMarkers with a physical position on other or unknown chromosomes based on current reference assembly 
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Table 4.2.8Simple trichome density QTL found in a cold-hardy hybrid grape population, GE1025, with GBS SNP markers using multiple imputation (imp) and 
Haley–Knott (HK) method of scanone Rqtl with 95% Bayesian intervals. 

  Side of leaf Traita Chr Marker Position (cM) Interval (cM) 
Interval 
(Mbp) 

LOD 
%Phenotypic 

variation 

M
N

12
64

 m
ap

 

Adaxial 
 Leaf 19Fb 17 S17_8448103 67.4 34-77.7 5.0-10 4.3 15.2 

 Vein 19Fb 1 S1_12888845 2.5 0-18 11.7-NAe 4.4 15.3 

Abaxial 

 Leaf 19b 1 S1_15222119 4.2 0-11.5 11.7-19.7 4.9 18.1 

 Leaf 19F 

1 S1_12888845 2.5 0-5 11.7-17.2 8.8 12.1 

10 S10_1472990 9.9 0.9-21.8 0.2-3.6 3.5 nscd 

17 S17_6831362 54.8 49.2-73.6 6.3-9 3.9 nsc 

 Vein 19F 1 S1_11717050 0.0 0-11.5 11.7-19.7 9.1 31.2 

 Leaf margin 18 17 S17_6004065 42.3 0-75.2 0.2-9.7 3.6 15.3 

M
N

12
46

 

Adaxial 

 Vein 19 1 S1_16785854 56.7 46-57.6 10-17.6 4.1 17.3 

 Vein 19Fb 1 S1_12871638  54.0 52-60.5 12.8-18.1 7.9 26.1 

logₑ petiole 19 1 S1_16785854 56.7 46-85.4 10-21 3.2 14.1 

Abaxial 

 Leaf 19F 5 S5_25478657 125.5 81.4-129.1 17.6-NAe 3.2 13.6 

 Vein 19 1 S1_12871638 52.5 30.5-73.2 6.2-19.6 3.0 13.3 

 Vein 19F 5 S5_22919310 116.6 81.4-129.1 17.6-NAe 4.0 16.3 

√petiole 19 1 S1_16785854 56.7 13.3-70.6 3.7-19.6 3.3 14.7 

 Leaf margin 18 1 S1_11908918 49.2 48.4-85.4 11.2-21 3.9 16.3 

 Leaf margin 19 8 S8_14646580 49.9 32.8-69.8 9.8-17.2 3.5 15.0 
aTrichome density measured at that position on the leaf in 2018 (18), 2019 (19), or 2019 field (19F); some traits were transformed by square-root (√) or natural log (logₑ)  
bNon-normally distributed residuals fitting a linear model of genotype effect and replication effect (even after transformations) where HK method, instead of imp, was used 
cns: non-significant QTL when included with the other two QTL  
dSignificant at 0.1 
eMarkers with a physical position on other or unknown chromosomes based on current reference assembly
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Table 4.3.9Analysis of variance p-values for trichome density fitting a linear model of effects of haplotype 
(Hap), replication (Rep), rater (Rater), and number of genotypes within each haplotype (Hap:NoGeno). 
Tukey’s HSD difference between means of low (L) and high trichome density (H) haplotypes at 12.75 - 
12.89 Mbp on chromosome 1. 

Analysis Effect √adaLHDr √adaVHDr abaVHDr logₑadaVHDs abaVHDs 

ANOVA 

Hap <0.001 <0.001 <0.001 <0.001 <0.001 

Rep <0.01 <0.01 <0.001 <0.01 ns 

Rater <0.001 <0.001 <0.01 - - 

Hap:NoGeno <0.001 <0.001 <0.001 <0.001 <0.001 

Tukey's HSD 
Mean difference µL-µH -0.87 -1.22 1.12 0.04 -1.40 

P-value 0.0072 <0.001 ns (0.087) ns 0.042 

Abbreviations: ada: adaxial; aba: abaxial. LHD: leaf hair density; VHD: vein hair density. r: ribbon trichome; s: simple 
trichome. √: square-root transformation; logₑ: natural log transformation.  
AbaLHDr, adaLHDs, abaLHDs did not have normally distributed residuals after transformation. 
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Chapter 4 Supplementary Figures (Supplementary Tables see spreadsheet) 

 

Supplementary Figure 4.1.17QTL detected for trichome incidence in a cold-hardy hybrid grape population 
GE1025 in 2018 and 2019 using binary mapping in R/qtl. Ttrichome present genotypes had trichome 
presence in at least 1 replication and trichome absence genotypes had trichome absence in all 3 replications. 
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Supplementary Figure 4.2.18Manhattan plot for ribbon trichome density on adaxial leaf in 2019 field as an example to show single nuleotide polymorphism 
(SNP) markers nearly significantly associated with the trait on chromosome 1 in GE1025 using mixed linear model with kinship matrix covariate (TASSEL 5.0) 
and Bonferroni threshold.  
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Genetic position (cM) 42.5 48.7 52.2 52.2 52.5 52.8 53.3 53.6 53.6 55.2 57.1 57.7 59.9 60.0 62.0 62.9 64.5 65.3 65.8

Hap1 L 0.6 1.0 1.3 0.1 0.0 1.1 0.0 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12

Hap2 L 1.8 2.8 2.9 0.8 0.0 0.6 0.0 22 22 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12

Hap3 L 0.0 0.0 0.0 0.0 0.0 0.8 0.0 22 22 22 22 22 22 22 12 12 12 12 12 12 12 12 12 12 12 12

Hap4 L 0.5 0.3 0.7 0.0 0.0 0.0 0.0 22 22 22 22 22 22 22 22 22 12 12 12 12 12 12 12 12 12 12

Hap5 L 0.1 0.2 0.3 0.2 0.0 0.5 0.0 22 22 22 22 22 22 22 22 22 22 12 12 12 12 12 12 12 12 12

Hap6 L 0.1 0.0 0.5 0.0 0.0 0.3 0.0 22 22 22 22 22 22 22 22 22 22 22 22 12 12 12 12 12 12 12

Hap7 L 0.0 0.0 0.7 0.0 0.0 0.3 0.0 22 22 22 22 22 22 22 22 22 22 22 22 22 22 12 12 12 12 12

Hap8 L 0.3 0.3 1.8 0.0 0.0 1.0 0.0 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 12 12 12

Hap9 L 0.0 0.0 2.0 0.0 0.0 0.5 0.0 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 22

Hap10 L 0.3 0.5 2.3 0.0 0.0 0.8 0.0 12 12 12 12 12 12 12 12 12 12 12 12 12 12 22 22 22 22 22

Hap11 L 0.0 0.0 NA NA 0.0 1.5 0.0 12 12 12 12 12 12 12 12 12 12 12 12 22 22 22 22 22 22 22

Hap12 L 0.5 2.3 3.5 1.5 0.0 1.8 0.8 12 12 12 12 12 12 12 12 12 12 22 22 22 22 22 22 22 22 22

Hap13 L 0.3 0.6 0.9 0.0 0.0 0.5 0.0 12 12 12 12 12 12 12 12 12 22 22 22 22 22 22 22 22 22 22

Hap14 L 0.1 NA 0.9 NA 0.0 0.6 0.0 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22

Hap15 L 0.0 0.0 0.0 0.0 0.0 0.5 0.0 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 21

Hap16 L 0.8 1.2 2.6 0.0 0.0 2.0 0.1 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 11 11 11

Hap17 L 1.0 3.0 4.0 1.0 0.0 0.0 0.0 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 11 11 11

Hap18 L 0.1 0.8 0.4 0.0 0.0 0.1 0.0 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 21 21 21 21

Hap19 L 0.3 0.0 2.3 0.0 0.0 1.6 0.0 12 12 12 12 12 12 12 12 12 12 12 12 12 12 11 11 11 11 11

Hap20 L 1.0 1.0 0.0 0.0 0.0 3.0 0.0 12 12 12 12 12 12 12 12 12 22 22 22 22 22 21 21 21 21 21

Hap21 L 0.5 0.5 1.5 0.0 0.0 2.0 0.0 12 12 22 22 22 22 22 22 22 22 22 22 22 22 21 21 21 21 21

Hap22 L 0.1 0.3 0.9 0.1 0.0 0.8 0.0 22 22 22 22 22 22 22 22 22 22 22 22 22 22 21 21 21 21 21

Hap23 L 3.3 3.5 3.3 0.7 0.0 1.0 0.2 12 12 12 12 12 12 12 12 12 12 12 12 11 11 11 11 11 11 11

Hap24 L 0.3 1.5 2.5 0.0 0.0 1.7 0.2 12 12 12 12 12 12 12 12 12 12 12 11 11 11 11 11 11 11 11

Hap25 L 0.0 1.0 1.0 0.0 0.0 1.0 0.0 12 12 12 12 12 12 12 12 12 12 11 11 11 11 11 11 11 11 11

Hap26 L 0.0 0.0 0.0 0.0 0.0 0.5 0.0 22 22 22 22 22 22 22 22 22 22 22 21 21 21 21 21 21 21 21

Hap27 H 3.5 5.0 4.0 0.0 0.0 0.5 0.0 12 12 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11

Hap28 H 4.0 4.0 2.3 0.0 0.0 2.5 0.0 22 22 21 21 21 21 21 21 21 21 21 21 11 11 11 11 11 11 11

Hap29 H 1.8 2.4 0.3 0.0 0.0 1.3 0.0 22 22 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21

Hap30 H 3.8 4.0 4.0 0.0 0.0 1.0 0.0 21 21 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11

Hap31 H 3.8 2.3 1.8 0.0 0.0 1.0 0.0 21 21 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11

Hap32 H 2.0 1.5 2.5 0.0 0.0 2.0 0.0 21 21 21 21 21 21 21 21 21 11 11 11 11 11 11 11 11 11 11

Hap33 H 4.0 2.5 0.8 0.0 0.0 3.0 0.0 21 21 21 21 21 21 21 21 21 21 21 21 11 11 11 11 11 11 11

Hap34 H 2.0 2.0 3.5 0.0 0.0 1.5 0.0 22 21 21 21 21 21 21 21 21 21 21 21 11 11 11 11 11 11 11

Hap35 H 3.2 2.3 3.3 0.0 0.0 1.8 0.0 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 11 11 11 11

Hap36 H 2.0 2.0 3.0 0.0 0.0 1.0 0.0 22 21 21 21 21 21 21 21 21 21 21 21 21 21 21 11 11 11 11

Hap37 H 2.5 3.5 3.8 0.0 0.0 0.5 0.0 22 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 11 11 11

Hap38 H 2.5 1.0 3.5 0.0 0.0 0.8 0.0 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 11 11

Hap39 H 1.5 3.0 1.0 0.0 0.0 1.0 0.0 11 11 21 21 21 21 21 21 21 21 21 21 21 21 21 11 11 11 11

Hap40 H 2.4 1.9 2.1 0.2 0.0 2.3 0.4 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11

Hap41 H 0.5 0.4 0.0 0.1 0.0 0.5 0.1 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 21

Hap42 H 4.3 3.2 4.7 2.3 0.0 3.5 0.3 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 21 21 21 21

Hap43 H 3.5 2.8 3.8 0.5 0.0 1.0 0.0 11 11 11 11 11 11 11 11 11 11 11 11 11 11 21 21 21 21 21

Hap44 H 3.5 2.5 4.0 0.0 0.0 1.0 0.0 11 11 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21

Hap45 H 1.0 1.5 3.0 0.0 0.0 2.0 0.0 11 11 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21

Hap46 H 3.2 2.6 2.5 0.6 0.0 1.5 0.3 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21

Hap47 H 2.7 2.2 2.6 0.7 0.0 1.9 0.2 22 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21

Hap48 H 2.1 1.5 2.8 0.1 0.0 1.5 0.0 22 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21

Hap49 H 2.6 2.3 3.4 1.5 0.0 1.5 0.6 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 12 12 12

Hap50 H 4.5 4.0 3.0 0.5 0.0 1.2 0.2 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 12 12 12

Hap51 H 3.9 3.3 2.7 0.2 0.0 1.6 0.0 22 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 22 22 22

Hap52 H 2.0 2.0 2.0 0.0 0.0 0.0 0.0 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 22 22 22 22

Hap53 H 2.3 1.5 2.8 0.0 0.0 0.0 0.0 22 21 21 21 21 21 21 21 21 21 21 21 21 21 21 22 22 22 22

Hap54 H 3.3 3.0 1.8 0.0 0.0 4.5 0.3 11 11 11 11 11 11 11 11 11 11 11 11 11 11 12 12 12 12 12

Hap55 H 4.0 3.0 2.5 0.0 0.0 2.0 0.0 11 11 21 21 21 21 21 21 21 21 21 21 21 21 22 22 22 22 22

Hap56 H 4.0 1.0 0.0 0.0 0.0 2.0 1.0 21 21 21 21 21 21 21 21 21 21 21 21 21 21 22 22 22 22 22

Hap57 H 3.7 4.2 2.3 0.2 0.0 0.3 0.0 22 21 21 21 21 21 21 21 21 21 21 21 21 21 22 22 22 22 22

Hap58 H 0.5 1.0 0.5 0.0 0.0 2.0 0.5 11 11 11 11 11 11 11 11 11 11 11 11 11 12 12 12 12 12 12

Hap59 H 3.0 3.5 4.0 2.0 0.0 3.0 0.0 22 21 21 21 21 21 21 21 21 21 21 21 21 22 22 22 22 22 22

Hap60 H 0.0 0.0 1.0 0.0 0.0 0.5 0.0 11 11 11 11 11 11 11 11 11 11 11 11 12 12 12 12 12 12 12

Hap61 H 3.0 1.0 0.5 0.0 0.0 3.0 0.0 21 21 21 21 21 21 21 21 21 21 21 21 22 22 22 22 22 22 22

Hap62 H 4.5 0.5 3.0 0.0 0.0 4.0 0.0 22 21 21 21 21 21 21 21 21 22 22 22 22 22 22 22 22 22 22

Hap63 H 2.3 4.0 4.0 0.3 0.0 2.3 0.0 11 11 11 11 11 11 11 11 11 11 12 12 12 12 12 12 12 12 12

Hap64 H 4.3 4.0 2.7 0.0 0.0 2.7 0.0 21 21 21 21 21 21 21 21 21 22 12 12 12 12 12 12 12 12 12

Hap65 H 3.8 5.0 4.0 0.0 0.0 0.0 0.0 22 21 21 21 21 21 21 21 21 21 22 22 12 12 12 12 12 12 12

Hap66 H 4.0 4.0 3.5 0.0 0.0 2.5 0.0 11 11 21 21 21 21 21 21 21 21 22 22 22 22 22 22 22 22 22

Hap67 H 2.5 5.0 3.5 2.0 0.0 0.0 0.0 11 11 21 21 21 21 21 22 22 22 22 22 22 22 22 22 22 22 22

Hap68 H 2.3 3.8 3.3 0.5 0.0 1.0 0.0 11 11 11 11 11 11 12 12 12 12 12 12 12 12 12 12 12 12 12

Hap69 L 0.5 1.3 3.8 0.0 0.0 1.0 0.0 21 21 21 22 22 22 22 22 22 22 22 22 12 12 12 12 12 12 12

Hap70 L 4.0 5.0 4.5 2.5 0.0 2.0 0.0 11 11 12 12 12 12 12 12 12 12 22 22 22 22 22 22 22 22 22

Hap71 L 0.0 0.0 0.5 0.0 0.0 2.3 0.0 11 11 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12

Hap72 L 0.0 0.0 0.5 0.0 0.0 0.0 0.0 21 21 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
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Supplementary Figure 4.3.19Graphical genotypes of 72 unique haplotype classes (Hap) composed of 183 
individuals of GE1783 at the ribbon (R) and simple (S) trichome density QTL on chromosome 1. ada: 
adaxial side of the leaf, aba: abaxial side of the leaf. The boxed region: fine mapped genetic region. Using 
the genotypic coding of LepMap3, “11” and “21” (“1” in the second position) represent the high (H) 
trichome density haplotype descended from MN1264 based on QTL mapping results of GE1025.  
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Supplementary Figure 4.4.20(A) Ribbon and (B) simple trichome density on leaf and vein observed in 
‘Edelweiss’, ‘Frontenac’, MN1246, and MN1264. Letters indicate Tukey’s HSD differences among 
genotypes across environments (2018, 2019, 2019 field, and fine mapping experiment) within each leaf 
position. 
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Supplementary Figure 4.5.21Alignment of the first candidate gene sequences (nanopore) of (a) MN1264 and (b1 and b2) MN1246 from nanopore sequencing to 
(A) PN40024 12X reference genome or (B) V. riparia ‘Gloire de Montpelier’ genome on chromosome 1. Red segment: sequence identical to the reference; white 
segment: deletion as compared to the reference; triangle: insertion as compared to the reference; gray box: exon; gray dash-line: intron; green arrow: coding 
sequence (CDS); yellow box: 5’ UTR. 
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Supplementary Figure 4.6.22Alignment of the second candidate gene sequences (whole-genome shotgun) of (a) MN1264 and (b) MN1246 to PN40024 12X 
reference genome on chromosome 1. Red segment: sequence identical to the reference; white segment: deletion as compared to the reference; red tick-marks: 
insertion as compared to the reference; gray box: exon; gray dash-line: intron; green arrow: coding sequence (CDS). 
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Supplementary Figure 4.7.23Alignment of the second candidate gene sequences (whole genome shotgun) of (a) MN1264 and (b) MN1246 to V. riparia ‘Gloire 
de Montpelier’ genome on chromosome 1. Red segment: sequence identical to the reference; white segment: deletion as compared to the reference; red tick-
marks: insertion as compared to the reference; gray box: exon; green arrow: coding sequence (CDS). 
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Supplementary Figure 4.8.24Alignment of the sequences (whole-genome shotgun) of (a) MN1264 and (b1 and b2) MN1246 to one pseudogene candidate gene 
within the fine mapped trichome region on chromosome 1 to PN40024 12X reference genome. Red segment: sequence identical to the reference; white segment: 
deletion as compared to the reference; gray box: exon; gray dash-line: intron. 
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Supplementary Figure 4.9.25Alignment of the sequences (whole-genome shotgun) of (a) MN1264 and (b1 and b2) MN1246 to one pseudogene candidate gene  
(from 12X reference BLAST to V. riparia reference) within the fine mapped trichome region on chromosome 1 to V. riparia ‘Gloire de Montpelier’ genome. Red 
segment: sequence identical to the reference; white segment: deletion/SNP as compared to the reference; triangle: insertion as compared to the reference; *: 
single-base pair variations to reference. 
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Supplementary Figure 4.10.26Alignment of the third candidate gene sequences (nanopore) of (a) MN1264 and (b) MN1246 to (A) PN40024 12X reference 
genome or (B) V. riparia ‘Gloire de Montpelier’ genome on chromosome 1. Red segment: sequence identical to the reference; white segment: deletion as 
compared to the reference; triangle: insertion as compared to the reference; gray box: exon; green arrow: coding sequence (CDS). 
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Appendix 

Attempts were made to characterize the incompatible resistance responses and conversely 

the susceptible reactions (galls) on grape leaves to feeding by phylloxera. This includes 

macroscopic observations of whole leaves as well as the microscopic observations of leaf 

sections of susceptible and resistant genotypes, including individuals from the 

segregating mapping population GE1783 in the greenhouse (Chapter 2 & 3). Because of 

non-conclusive results obtained, these results are presented here serving as reference 

points for future researchers. Reports by others (Raman et al. 2009; Nabity, personal 

communication, 2019) indicated that a hypersensitive response (HR) was observed on 

some resistant and susceptible varieties. Our experiments were unable to definitively 

distinguish HR, likely due to the time points at which the observations were made or the 

possible quantitative nature of the resistance response in a large F1 mapping population.  

Macro photography 

Materials & methods 

Photographs were taken of infested ‘Edelweiss’, ‘Frontenac’, MN1264, and MN1246 

leaves , as well as leaves of 5 susceptible and 10 resistant GE1783 individuals identified 

at the fine mapped phylloxera QTL on chromosome 14. Digital photographs were taken 

on phylloxera infested leaves 2 or 5 weeks after infestation using a Nikon D7200 camera 

(24.2 megapixels) with AF-S Micro Nikkor 105mm 1:2.8G ED lens (curtsey of Dr. 

Yinjie Qiu). Resistance responses were characterized as that which were only present in 

resistant genotypes not in susceptible genotypes. The resistant genotypes were: a V. 

labrusca-derived variety known to be resistant to foliar phylloxera ‘Edelweiss’, the 

resistant parent of GE1783 MN1264, GE1783_0331*, _0067*, _0174, _0274, _0169, 

_0006, _0010, _0506, _0506, _0408. The susceptible genotypes were: a cold-hardy 

hybrid susceptible to phylloxera ‘Frontenac’, the susceptible parent of GE1783 MN1264, 

GE1783_0330*, _0278*, _0294, _0157, _0204. A * indicates that the photograph was 

taken 2 weeks after phylloxera infestation; no mark indicates that the photograph was 

taken 5 weeks after infestation. 
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Results & discussion 

Resistance responses were hard to characterize. In some instances, resistant genotypes 

can form galls similar to susceptible genotypes (Figure A2-E), and conversely some 

responses observed on susceptible genotypes can look like resistant responses such as the 

discolored (Figure A2-C) and necrotic spots (Figure A2-I). The most probable resistance 

response are: open galls (Figure A1-B), galls attempting to close (Figure A1-E, Figure 

A2-K), discolored pots with a necrotic center (Figure A2-D & J), incomplete galls with 

pink coloring (Figure A2-N; only observed in two resistance genotypes), discolored 

incomplete galls with holes (Figure A2-B). The resistance response can be a combination 

of these responses or these observations were different stages of the resistant response. It 

was likely that resistant response is an early response and has to be observed at the right 

time point (before 2 weeks and perhaps within 2 days after infestation). Otherwise later-

on when the plants were left too long with phylloxera pressure, resistant genotypes were 

colonized with galls similar to susceptible genotypes. Another factor to consider is a 

more thorough evaluation of galls to determine the fecundity within the galls. Even if the 

phenotype of the gall was present, it did not mean that the insect inside was viable and 

was able to reproduce. This is an important area for future research.  
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Figure A1.27Photographs of infested (A & B) resistant ‘Edelweiss’, (C & D) susceptible ‘Frontenac’, (E & 
F) resistant MN1264, (G & H) susceptible MN1246 after 2 or 5 weeks taken under Nikon micro lens. 
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Figure A2.28Photographs of GE1783 individuals infested with phylloxera taken under Nikon micro lens. 
GE1783 individuals: (A) GE1783_0331*, (B) _0067*, (C) _0330*, (D) _0174, (E) _0274, (F) _0278*, (G) 
_0169, (H) _0006, (I) _0294, (J) _0010, (K & M) _0506, (L) _0157, (N) _0408, (O) _0204. Left and middle 
panels: resistant genotypes to foliar phylloxera; right panel: susceptible genotypes. *: photographs taken 2 
weeks after infestation; rest: photographs taken 5 weeks after infestation. 
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Leaf sectioning 

Materials & methods 

To observe the resistance response, young leaves of ~15 GE1783 individuals and infested 

and uninfested MN1264, MN1246, ‘Edelweiss’, and ‘Frontenac’ were collected at 5 

weeks after infestation. Genotypes showing signs of discoloration and/or localized 

necrotic spots resembling incomplete galls were considered as resistant; genotypes with 

normal galls were considered as susceptible. We also included the uninfested plants as a 

control to show what a normal leaf section would look like. 

Leaf tissues with potential resistance or susceptible responses were cut into 5-mm2 

squares and fixed in wax following a series of protocols as described here (Garcia, 

personal communication, 2019). Tissues of each genotype were put into a glass vial 

containing 4% paraformaldehyde in PBS (Santa Cruz Biotechnology, Dallas, TX), placed 

on ice, and applied for vacuum for 30 minutes twice. The solution was stored at 4˚C for 

two days. The solution was replaced with in 130 mM NaCl solution with increasing 

ethanol concentrations every 1.5 hours on ice. The solution was then replaced with 

ethanol solutions with increasing concentrations every 1.5 hours on ice. The solution was 

replaced with 100% ethanol for 6 times every 4 hours on ice. Afterwards, samples were 

moved to room temperature for 1.5 hours. Solutions were then replaced with Histo-Clear 

II (National Diagnostics, Atlanta, GA) and ethanol solutions with increasing Histo-Clear 

II concentrations every 1.5 hours at room temperature. The solution was replaced with 

100% Histo-Clear II solution for three times every 1.5 hours. Paraplast® wax chips 

(Electron Microscopy Sciences; melting temperature 56˚C) were added to each vial about 

1/3 full and melt at 58˚C. Wax chips were added another three times until the solution 

was saturated. The wax solution was exchanged for 8 times, twice a day. The wax 

solution with leaf tissues were poured into warmed metal mold trays, cooled at room 

temperature for 20 minutes, and stored at 4˚C overnight before sectioning.  

Fixed leaf tissues were cross-sectioned into 10-µm slices using a microtome Model 820 

by American Optical (Buffalo, NY). Cross-sectioned tissues were straightened on the 

surface of 42˚C waterbath, dried on microscopic slides, dewaxed in 100% Histo-Clear II, 

washed in 100% ethanol, and stained in 1% methylene blue for 5 minutes. Dried slides 
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were mounted with Permount by Fisher Scientific (Fair Lawn, NJ) and observed under 

200X magnification of the microscope (Garcia, personal communication, 2019). 

Results & discussion 

We observed collapsed parenchyma cells in ‘Edelweiss’, known to be resistant to 

phylloxera (Figure A3.B), while we observed lignified/intact cells in MN1246 and 

‘Frontenac’, known to be susceptible to phylloxera (Figure A3.C and A3.D). Both types 

of cells were not observed in uninfested leaf tissues which had intact palisade mesophyll 

cells (Figure A3.A). This suggests that morphological changes are induced in both 

susceptible and resistant varieties in response to feeding. The macroscopic response to 

feedling in ‘Edelweiss’ is an open gall. We observed the collapsed cells in GE1783_0327 

and GE1783_0867, two of the four genotypes with the R haplotypes at the fine mapped 

region and in GE1783_0846 and GE1783_0208, two of the seven genotypes with the S 

haplotypes; we observed the lignified/intact cells in GE1783_0319, GE1783_0433, 

GE1783_0403, GE1783_0835, and GE1783_0794, five of the seven genotypes with the S 

haplotypes at the fine mapped region (Figure A4). These results agree with Raman et al. 

(2009) that responses on resistant genotypes can be disintegrated cell membrane, 

vacuoles, and organelles with an elevated phenolic content while that of a susceptible 

genotype can be numerous intact cells rapidly dividing to establish the gall. 
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Figure A3.29Cross-sections of fixed leaf tissues stained with 1% methylene blue for (A) uninfested and (D) 
infested susceptible variety 'Frontenac', (B) infested resistant variety 'Edelweiss', and (C) infested 
susceptible genotype MN1246 under 200X magnification. 
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Figure A4.30Cross-sections (10 µm) of fixed leaf tissues stained with 1% methylene blue for infested 
GE1783 individuals under 200X magnification: (A) GE1783_0076, (B & C) _0208, (D) _0121, (E) _0319, 
(F) _0403, (G) _0327, (H & I) _0433, (J) _0327, (K) _0794, (L) _0835, (M) _0867, (N & O) _0846, (P) 
_0867, (Q) _0846, (R) _1008. Left panel: resistant genotypes to foliar phylloxera; middle and right panel: 
susceptible genotypes. 
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