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Insertion Site Selection and Feeding of the Hemlock 
Woolly Adelgid: Implications for Host-Plant 

Resistance 

K.L.F. Oten,1 A.C. Cohen,1 and F.P. Hain1 
The hemlock woolly adelgid (HWA), Adelges tsugae (Hemiptera: Adelgidae), is an invasive forest 
pest that threatens the existence of eastern hemlock (Tsuga canadensis (L.) Carr.) and Carolina 
hemlock (T. caroliniana Engelm.) in the eastern United States. It is a small, aphid-like insect with 
piercing-sucking mouthparts that it uses to penetrate its host plant and feed off the xylem ray 
parenchyma cells (Young et al. 1995). The hemlock woolly adelgid is native to eastern Asia and 
northwestern North America where it feeds on, but does not kill, its host (Annand 1924, Havill et al. 
2006). The mechanism of resistance and/or tolerance is unknown. The invasive population in the 
eastern United States was first detected near Richmond, Virginia in 1951 (Gouger 1971, Souto et al. 
1996). The range of HWA in the east has since spread through the range of hemlocks, now affecting 
18 states (USDA FS 2011). The mortality caused by HWA to eastern and Carolina hemlocks is 
tremendous. Approximately 80 to 90 percent of infested hemlocks native to the eastern United States 
have already vanished as a result of this exotic insect (Hale 2004, Townsend and Rieske-Kinney 
2006). Moreover, the production of hemlocks for the ornamental industry, valued at $34 million 
between Tennessee and North Carolina alone, has been virtually eliminated (Bentz et al. 2002).  

Following initial infestation, a susceptible hemlock declines in health, evident by needle drop, bud 
abortion, and inhibition of new growth (McClure 1991). A healthy hemlock dies in as few as 4 years, 
but may survive beyond 10 (McClure 1987, 1991). In its native range, HWA is described as a minor 
pest and almost never kills its host (Bentz et al. 2002, Furniss and Carolin 1977, Keen 1938). For 
years, it was believed that eastern and Carolina hemlocks were entirely and exclusively susceptible to 
HWA. However, in the wake of widespread mortality, anecdotal evidence suggested surviving 
individuals or stands of eastern and Carolina hemlocks may be less susceptible. This has since been 
corroborated by research, and distinct populations have been selected and continue to be pursued as 
putatively resistant to HWA (Caswell et al. 2008, Ingwell and Preisser 2010, Kaur 2009, Oten et al. 
2011). In addition, Carolina hemlock has been identified as less susceptible to HWA than eastern 
hemlock (Jetton et al. 2008, Oten 2011). 

The purpose of this research is to investigate host-plant selection and host use of HWA to further 
understand mechanisms of resistance that occurs both inter- and intra-specifically. Understanding this 
may facilitate progress toward a resistant hemlock by identifying characteristics that can be identified 
among individuals in natural stands for selection and/or to screen within a breeding program.  

The crawler stage of HWA is the first stage and thus the host-seeking stage of the insect. Crawlers 
lack wings and compound eyes; consequently, transportation between host trees is entirely passive. 
Dispersal occurs either by crawling to nearby branches, wind, phoresy on macro-vertebrates (e.g., 
birds, deer), or by human movement of infested stock (Butin et al. 2007, McClure 1990). Therefore, 
habitat and host location, the initial two steps in host-plant selection by phytophagous insects 
(Bernays and Chapman 1994), does not occur as part of the host selection behaviors of HWA. Using 
scanning electron microscopy (SEM), we studied the sensilla of HWA crawlers because it is this 
stage that must accurately determine feeding sites on hemlocks. The distal segment of the HWA 
labium possesses two fields of sensilla, including six long subapical sensilla trichodea and five shorter 
apical labial sensilla trichodea. Two apical sensilla are observed touching the stylet bundle in some 
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images and are hypothesized to play a role in sensing the orientation and/or movement of the stylets 
during insertion site selection. In aphids, stylet penetration is initially based on substrate color and 
texture and chemoreception occurs after short probing of the host plant and internal gustation 
(Ibbotson and Kennedy 1959, Miles 1958, Powell et al. 2006). Given their biological similarities to 
aphids, we theorize that HWA use a similar host acceptance tool, and probes the plant briefly, sensing 
its host with internal contact chemoreceptors. However, this research should be extended to 
substantiate this conjecture. HWA tarsi are two-segmented and bear a claw on the distal end. A long 
pair of knobbed setae and four pairs of shorter, spatulate setae are observed. Such setae are present in 
other adelgids: a pair in the pine leaf adelgid (Pineus pinifoliae) and three per tarsus in the spruce gall 
adelgid (Adelges lariciatus). However, the authors of these studies did not speculate about the 
function of the setae (Cumming 1968, Underwood 1955). We suggest they may be involved in 
adhesion based on casual visual observations of surface contact during inverted walking and the 
morphological similarity to the adhesive tenant hairs of some springtails (Blottner and Eisenbeis 
1984). In comparison to the sessile adults, antennae of the same generation crawlers are well-
developed and elongated. The scape and pedicel each have a pair of trichoid sensilla, seated in a pit 
and lacking an observable pore at its tip, indicating they likely function as mechanoreceptors. The 
flagellum has a long terminal sensillum and four secondary sensilla at the distal end. A sensorium 
lays subapically on the posterior edge of the flagellum and is surrounded by a cuticular fringe that 
may aid in keeping foreign particles out. The sensorium is likely analogous to the primary rhinaria of 
chemoreceptory function in aphids and is referred to by Stoetzel (1998) in alate female Adelgidae.  

Using whole-body homogenate of HWA, general protease enzyme activity was assayed using the 
EnzChek® protease assay kit (Invitrogen, Eugene, OR). Trypsin-like activity in HWA was present, 
although lower than in Lygus lineolaris, which was used as a positive control. The kinetic for HWA 
enzymatic activity reached its asymptote at 30 minutes, whereas the L. lineolaris comparison 
continued to increase after more than 1 hour (fig. 1).  
 

 
Figure 1—Enzyme kinetics of trypsin-like assay. 

Although this enzyme could be present in the salivary gland complex, midgut, or hemolymph of 
the insect, its occurrence is nevertheless revealing of the feeding habits of HWA. Generally, the 
presence or absence of specific enzymes is indicative of a consumer's ability to digest plant or prey 
materials (Agusti and Cohen 2000; Baptist 1941; Cohen 1990, 1998). The presence of trypsin-like 
enzyme activity in HWA confirms the ability of HWA to digest protein rather than depending upon 
free amino acids as is the case for sap-feeding insects such as aphids. If used extra-orally by HWA 
(i.e., injected into their host plant) the enzyme may be used to digest structural proteins of the plant 
that are otherwise insoluble (Hori 1971). In addition, the presence of protease may have implications 
for host response and host-plant resistance. The wound-response pathway, which may be triggered by 
the feeding of herbivorous insects, is one of these responses that may induce protease inhibitor genes 
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(Dietrich et al. 1999). The systemic response of hemlock to HWA feeding, which is currently 
uncharacterized, implicates HWA feeding in inducing the systemic response (Radville et al. 2011, 
Walker-Lane 2009). The response could be triggered by mechanical wounding or physiological 
elicitors in the saliva. Future research should focus on this interaction to understand if HWA is 
triggering the wound-response pathway in hemlocks via mechanical or salivary wounding and the 
differences in the response between susceptible and resistant hemlocks.  

Physical characteristics of hemlock surfaces were observed using low-temperature SEM to 
document differences and how they may relate to resistance. There were differences in trichome 
density, placement, and length on the species studied, but they did not relate to the degree of 
susceptibility to HWA and are likely not involved in host selection or resistance. Cuticle thicknesses 
were compared for various locations on the pulvinus: at the HWA stylet bundle insertion point, at the 
side of the needle where the HWA settles, and on the outside of the needle (fig. 2). We compared 
thicknesses to determine if cuticle was related to insertion site selection. Based on preliminary 
observations, there appears to be a slight trend. The cuticle thickness at the point on stylet insertion 
appears to be thinner than the other two locations on the pulvinus that were measured. Although this 
needs to be investigated more thoroughly, including a statistical analysis, this suggests that the 
specificity for stylet bundle insertion of HWA may be a result of accessibility to host tissues. 
 

 
Figure 2—A) Settled hemlock woolly adelgid (HWA), showing adaxial side of the needle and pulvinus. 
HWA, hemlock woolly adelgid; ins, insertion point; sty, stylet bundle. Scale, 100 µm. B) Locations 
measured on pulvini for cuticle thickness. ins, insertion point; out, outside. Scale, 200 µm. 
Understanding the interactions between HWA and naïve hemlocks in the eastern United States 
furthers our understanding of mechanisms involved in host-plant selection and resistance, aiding the 
progress towards a hemlock resistant to HWA. Ideally, a resistant hemlock will be a component of an 
integrated pest management program to control populations of HWA in the eastern United States, 
allowing ecosystem restoration and restoring the hemlock ornamental industry. 
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