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Abstract - In light of the increasing need for long-term, sustainable management for Adelges tsugae (Hemlock Woolly Adelgid), researchers are investigating host-plant resistance
as part of an integrated approach to combat the pest. This paper reviews the progress made
towards developing a resistant hemlock in the southern Appalachians and highlights the
LPSRUWDQFHRILQYHVWLQJUHVHDUFKDQGGHYHORSPHQWUHVRXUFHVLQWKLV¿HOG$ORQJZLWKGHVFULELQJLQWHUDQGLQWUDVSHFL¿FUHVLVWDQFHLQKHPORFNVWKLVSDSHUUHYLHZVLQYHVWLJDWLRQV
into resistance mechanisms and outlines the many options for actions that could be or are
being taken to increase resistance and restore hemlock forests.

Introduction
Adelges tsugae Annand (Hemlock Woolly Adelgid [HWA]) is responsible for
widespread mortality of hemlocks throughout the eastern United States. Unless
successful and long-term management strategies are developed and implemented
quickly, HWA will continue to threaten the survival of Tsuga canadensis (L.)
Carr. (Eastern Hemlock) and T. caroliniana Engelm. (Carolina Hemlock). Chemical control is effective and often used, but it is not always practical in the forest
setting due to environmental impacts and prohibitive costs (McClure 1991,
1992). Biological control is a major research focus with rearing and release
programs in effect since the mid-1990s (Cheah et al. 2004), and research and development continue in an effort to maximize efficacy of the practice (see Onken
and Reardon 2011).
In the native range of HWA, host-plant resistance works in concert with the
scattered distribution of hemlocks and a complex of other indigenous organisms to
naturally manage HWA populations (McClure 1992, Montgomery and Lyon 1996).
In addition, host-plant resistance is widely accepted as a key management component in any integrated pest management (IPM) program (Kogan 1994). In light of
the need for sustainable management and restoration methods for the disappearing
Eastern Hemlock and Carolina Hemlock forests, it is imperative to invest research
resources into understanding and developing host-plant resistance in hemlocks as
part of an IPM program to combat HWA.
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Resistance in Hemlocks
Interspeci¿c resistance
 ,QERWKQDWLYHUHJLRQVRI+:$ $VLDDQGWKH3DFL¿F1RUWKZHVWRI1RUWK$PHULca), hemlocks may become infested, but HWA is described as a minor pest that does
not typically reduce hemlock tree survival (Bentz et al. 2002, Furniss and Carolin
1977, Keen 1938). Given their innate ability to co-exist with HWA, these hemlock
species are often described as HWA-resistant (McClure 1992, 1995a; Pontius et al.
 ,QWKH3DFL¿F1RUWKZHVW+:$FDQEHIRXQGLQIHVWLQJT. heterophylla (Raf.)
Sarg. (Western Hemlock) and T. mertensiana (Bong.) Carr. (Mountain Hemlock),
but it seldom harms them in forest settings (Furniss and Carolin 1977, McClure
1989). In this region, Laricobius nigrinus Fender, a predatory beetle that is now
reared and released for biological control programs in the eastern US, naturally occurs in close association with HWA (Zilahi-Balogh et al. 2003), contributing to the
complex of natural enemies there. In Asia, HWA inhabits forests and ornamental
plantings of T. diversifolia (Maxim.) Mast. (Northern Japanese Hemlock), T. sieboldii (Carr.) (Southern Japanese Hemlock), and T. chinensis (Franch.) Pritz (Chinese
+HPORFN EXWLWVSRSXODWLRQVWKHUHDVLQWKH3DFL¿F1RUWKZHVWDUHWKRXJKWWREH
regulated by a combination of host resistance and natural enemies (Del Tredici and
Kitajima 2004; McClure 1992, 1995a; Montgomery et al. 2000). HWA also occurs
at low and innocuous densities in Taiwan and Japan (McClure 1987, Takahashi
1937 in McClure 1989).
While the suppression of HWA populations in its native range is often attributed
to both host-plant resistance and a complex of natural enemies, Asian hemlocks that
are resistant to HWA also exhibit this trait when grown in the eastern US near infested
trees and in the absence of natural enemies. For example, at the US National Arboretum (USNA; Washington, DC), Chinese Hemlock and Northern Japanese Hemlock
did not have any settled HWA after 8 years of exposure to nearby infested trees (Bentz
et al. 2002). At the Morris Arboretum (Philadelphia, PA), despite their proximity to
HWA-infested trees, Chinese Hemlock and Southern Japanese Hemlock show no and
little infestation of HWA, respectively (Bentz et al. 2007). Likewise, at the Arnold
Arboretum (Boston, MA), a Chinese Hemlock planted in 1911 was uninfested as of
2004. A study in this same arboretum compared HWA ovisac abundance and new
growth levels between Eastern and Chinese Hemlock. After 4–6 years of exposure to
HWA, the Eastern Hemlock had large numbers of HWA ovisacs and new growth on
45% of its branches, while Chinese Hemlock had no detectable HWA and new growth
on 100% of its branches (Del Tredici and Kitajima 2004).
Widespread mortality of healthy hemlocks as a result of HWA infestation
only occurs in the two species native to the eastern US: Eastern Hemlock and
Carolina Hemlock. The most likely explanation for their lack of resistance is that
these two species did not co-evolve with HWA (Havill et al. 2006). Although it
was initially thought that both species were equally susceptible, Carolina Hemlock is now believed to be more resistant to HWA than Eastern Hemlock. In
2008, researchers reported the results of a study in which three hemlock species
(Eastern, Carolina, and Western Hemlocks) were artificially infested with HWA
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in a greenhouse setting. Findings revealed that Carolina Hemlock and Western
Hemlock had significantly lower densities of feeding HWA than Eastern Hemlock (Jetton et al. 2008). Similar results were found when these three species
were artificially infested and compared in the field at the Linville River Nursery,
Crossnore, NC. Again, Eastern Hemlock exhibited a higher infestation rate than
Western Hemlock and Carolina Hemlock (Oten 2011). While both of these studies indicate that HWA settlement rates on Carolina Hemlock are lower than on
Eastern Hemlock, the true susceptibility of Carolina Hemlock remains unknown.
Carolina Hemlock, a species found exclusively in the southern Appalachians, is
more closely related to the resistant Asian hemlocks than it is to its neighbor species, Eastern Hemlock (Havill et al. 2008).
Intraspeci¿c resistance
For years it was believed that Eastern Hemlock and Carolina Hemlock were
exclusively and entirely susceptible to HWA (Del Tredici and Kitajima 2004; Lagalante et al. 2006; McClure 1992, 1995b). However, in the wake of large-scale
hemlock mortality, anecdotal evidence suggested that some surviving individuals
or stands of Eastern Hemlock and Carolina Hemlock may be less susceptible (CasZHOOHWDO 7KHVHUHSRUWVLPSOLHGWKDWWKHUHZDVVRPHGHJUHHRILQWUDVSHFL¿F
variation in HWA resistance of hemlocks, sparking a search for naturally-occurring
HWA-resistant trees. Eastern Hemlock is genetically diverse in much of the eastern
US (Potter et al. 2012), and phenotypic variation is discussed in the Investigations
into Resistance Mechanisms section of this paper.
Resistance to pests commonly occurs in only a small portion of an affected
population. Researchers working to develop agricultural crops that are resistant to
insect pests have found that resistance occurs at very low levels in wild-type plants
(e.g., Eigenbrode et al. 1993, Flanders et al. 1992, Heinrichs 1986). The same can
be said for trees with resistant characteristics. For example, resistance to Fusiform
Rust (caused by Cronartium quercuum (Berk.) Miyabe ex Shirai f. sp. fusifome)
in Pinus taeda L. (Loblolly Pine) is low and regionally-based (Schmidtling et al.
2005). If genes for HWA resistance do exist in hemlocks, they are rare and will
OLNHO\EHFKDOOHQJLQJWR¿QG ,QJZHOODQG3UHLVVHU 
Despite the challenges, there are already developments in the search for intraVSHFL¿FYDULDWLRQJLYLQJULVHWRUHVLVWDQWSURSHUWLHV,QWKHQRUWKHDVWHUQ86VHYHUDO
VWDQGVRIVXUYLYLQJ(DVWHUQ+HPORFNVZHUHLGHQWL¿HGDVSRVVLEO\+:$UHVLVWDQW
7KHVHWUHHVZHUHFORQDOO\SURSDJDWHGDUWL¿FLDOO\LQIHVWHGZLWK+:$DQGDUHQRZ
considered to be putatively resistant to HWA (Caswell at al. 2008, Ingwell and Preisser 2011).
 3URJUHVV KDV EHHQ PDGH LQ RXU XQGHUVWDQGLQJ RI ERWK LQWHU DQG LQWUDVSHFL¿F
resistance of hemlocks to HWA, but there is still much to learn (Table 1). Progress
towards understanding the true susceptibility of hemlocks will enhance our ability
to search for and implement host-plant resistance as a management tool against
HWA. Continued explorations into the interactions between HWA and its host will
also aid in the search for resistance mechanisms.
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Investigations into Resistance Mechanisms
For more than 50 years, researchers have acknowledged the importance of understanding the mechanism(s) underlying plant resistance to insects (Kogan 1994).
The mechanisms for the resistance demonstrated by hemlocks in Asia and the PaFL¿F1RUWKZHVWDUHFXUUHQWO\XQNQRZQ2IWKHWKUHHW\SHVRIUHVLVWDQFHGHVFULEHG
by Painter (1951)—antixenosis, antibiosis, and tolerance—it is possible that more
than one type is employed by the different hemlock species. Many of the resistant
individuals that become infested but do not succumb might have tolerance to HWA,
while Chinese Hemlock, which rarely becomes infested, may utilize non-preference
(antixenosis) or antibiosis mechanisms that prevent severe infestations altogether.
 7KHFKHPLFDOSUR¿OHVRIKHPORFNIROLDJHDQGVWHPWLVVXHZKLFKPD\EHOLQNHGWR
attraction, defense, or palatability, are the subject of several investigations of resistance mechanisms. It has been suggested that foliar chemistry plays a major role in
palatability of hemlock tissue to HWA, with high concentrations of N and K causing
higher HWA population levels, and that conversely, high concentrations of Ca and
P may deter HWA infestations (Pontius et al. 2006). Volatiles in Eastern Hemlock,
which are important olfactory cues in prey searching by L. nigrinus (Wallin et al.
 ZHUHLGHQWL¿HGDVPRVWO\PRQRWHUSHQHVWKDWLQFUHDVHDQGFKDQJHLQFRPSRsition following infestation by HWA (Broeckling and Salom 2003). Because HWA
LVDSDVVLYHO\GLVSHUVHGLQVHFWWKDWGRHVQRWXQGHUWDNHORQJUDQJHKRVW¿QGLQJLWV
interaction with the host surface (and thus the epicuticular waxes) is perhaps the
PRVWVLJQL¿FDQWSURFHVVRIKRVW¿QGLQJDQGDFFHSWDQFH6WLPXOLWKDWVHUYHDVGHWHUrents or attractants are detected in a predetermined order: volatiles offer long-range
KRVW¿QGLQJLQVHFWVFRPHLQWRFRQWDFWDQGLQWHUDFWZLWKVXUIDFHZD[HVDQGFRPSRQHQWVLQWHUQDOWRWKHSODQWFDQIXUWKHULQÀXHQFHKRVWDFFHSWDQFHDIWHUPRXWKSDUW
insertion (Bernays and Chapman 1994). The passively dispersed HWA has no need
WRDVVHVVYRODWLOHVIRUORQJUDQJHKRVW¿QGLQJWKHUHIRUHLWVLQWHUDFWLRQVZLWKWKH
host surface are crucial. Kaur (2009) used gas chromatography-mass spectroscopy
to compare the epicuticular waxes of Carolina Hemlocks of different provenances.
The results of a greenhouse study suggested a correlative relationship: Carolina
Hemlocks from provenances with higher HWA densities were more similar in their
Table 1. Hemlock species’ resistence to Hemlock Woolly Adelgid (HWA) and their native range.
Species

Resistance to HWA

Native rangeL

T. canadensis
T. caroliniana

Mostly susceptible, variation occursA, B, K
Mostly susceptible, less susceptible than
T. canadensisA, C, variation occursD, K
Highly resistantE, I, J, K
ResistantE, F, K
ResistantE, F, G, I, K
ResistantH, I, K
ResistantH, K

Eastern North America
Southern Appalachians (eastern US)

T. chinensis
T. sieboldii
T. diversifolia
T. heterophylla
T. mertensiana
A

Southeastern China
Southern Japan
Northern Japan
Northwestern North America
Northwestern North America

Jetton et al. 2008, BCaswell et al. 2008, COten 2011, DKaur 2009, EMontgomery et al. 2009, FMcClure
et al. 2000, GMcClure 1992, HAnnand 1924, IDel Tredici and Kitajima 2004, JHoover at el. 2009,
K
Weston and Harper 2009, LFarjon 1990
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FKHPLFDO SUR¿OHV WKDQ WKRVH ZLWK ORZHU +:$ GHQVLWLHV :KHQ VHYHUDO KHPORFN
VSHFLHVZHUHFRPSDUHGFKHPLFDOSUR¿OHVYDULHGERWKLQWHUDQGLQWUDVSHFL¿FDOO\
EXWUHVHDUFKHUVZHUHXQDEOHWRLGHQWLI\WKHFKHPLFDO V WKDWDSSHDUHGLQWKHSUR¿OHV
and were therefore unable to determine if there was a correlative relationship (Oten
2011). There is a great need for additional studies to determine the surface chemistry of hemlock needles and stems, given the possibility that chemicals are linked
WREHKDYLRUDOSURFHVVHVRI+:$WKDWLQÀXHQFHKRVWDFFHSWDQFHDQGXVH
The physical features of the plant surface also affect the host-acceptance processes of herbivorous insects (Klinghauf 1987, Pelletier 1990). Therefore, in its
interactions with the host surface, HWA may use chemical, morphological, or
multiple characteristics to stimulate stylet bundle (mouthpart) penetration into
host tissues. Using low-temperature scanning electron microscopy, the biophysical
characteristics of leaves of six hemlock species and a hybrid were observed (Oten et
al. 2012). Trichomes apparently played no role in the host-acceptance of HWA, but
WKHWKLFNQHVVRIWKHFXWLFOHZDVVLJQL¿FDQW$FURVVDOOVSHFLHVRIKHPORFNVWKHFXticle is thinnest on the adaxial side of the pulvinus, proximal to the abscission layer,
ZKHUH+:$FRQVLVWHQWO\LQVHUWWKHLUVW\OHWEXQGOHV7KLV¿QGLQJVXJJHVWVWKDWWKH
LQVHUWLRQSRLQWLVVSHFL¿FDOO\VHOHFWHGEHFDXVHWKLVDUHDSUHVHQWVOHVVRIDQREVWDFOH
for HWA to access internal host-plant tissues. When analyzing the thickness of the
cuticle at areas where HWA does not penetrate, there is greater variation across species. Chinese Hemlock, considered the most resistant hemlock species and one that
may employ antixenosis or antibiosis mechanisms, has the thickest cuticle, which
may reduce host acceptance. For example, when aphids select or reject a host-plant,
DVSHFL¿FVHTXHQFHRIVWHSVRFFXUV  DWWUDFWLRQ  WHVWLQJWKHSODQWVXUIDFHDQG
outer plant tissues, (3) penetration, and (4) testing the phloem (Klingauf 1987). If
HWA follows the same process as aphids, which are closely related insects, then the
thickness of the cuticle, tested in step 2, may deter HWA from proceeding to step
3, penetration of the stylet bundle (Oten et al. 2012).
Once a host-plant is accepted as suitable, the stylet bundle penetrates host tissues and feeding begins (Bernays and Chapman 1994). The interactions between
WKH LQVHFW DQG WKH LQWHUQDO FRPSRQHQWV RI WKH SODQW DUH VLJQL¿FDQW LQ KRVWSODQW
resistance, because these interactions provide opportunities for the host plants to
employ antibiosis mechanisms that negatively affect the biology of the pest-insect
feeding upon it (Painter 1951). In addition, it may be this interaction that triggers a
tolerance mechanism or defense pathway within the plant.
The physical interactions between HWA and its host plant can be observed via
scanning electron microscopy. HWA is equipped for localized stylet penetration
with labial sensilla and neural canals within the mandibular stylets (Oten et al.
2014). In addition, the salivary sheaths of HWA are currently being investigated.
When inserting its stylet bundle, HWA releases beads of salivary sheath material
that harden upon extrusion, forming a tubular structure around the stylet bundle
(Young et al. 1995). This sheath is thought to stabilize the labium during insertion, act as a fulcrum for stylet maneuvering, protect the insect against host-plant
defenses, and/or enable stylet bundle reinsertion following a molt (Cohen 1990,
Miles 1999). Preliminary studies indicate that stylet bundle insertion by HWA is
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likely assisted by external sheath material that secures the stylet bundle to the plant
surface (Oten 2011, Oten et al. 2014). In ongoing research at North Carolina State
University (NCSU), studies are underway to determine the characteristics of this
sheath material as it relates to host-plant resistance. If the initial path made by the
stylet bundle does not lead to adequate nutrients, HWA can partially retract the stylet bundle, push through the existing stylet sheath, and create a secondary canal for
nutrient removal (Cohen et al. 1998; M. Talley, NCSU, Raleigh, NC, unpubl. data).
In some resistant plants, the extent of branching is directly linked to host-plant
resistance. Because the salivary sheath remains in place when the stylet bundle is
retracted, the characteristics of the sheath material and the extent of its branching
allow researchers to determine the insect’s probing and feeding history (Wang et al.
2008). Preliminary comparisons between Eastern Hemlock and Carolina Hemlock
suggest that there is a difference in the number of secondary stylet-sheath canals
produced by HWA in the two species: there were fewer stylet sheaths present in
Eastern Hemlock, while the stylet sheaths in Carolina Hemlock samples had more
canals. In addition, preliminary observations suggest saliva beads formed clumps at
the end of some of the canals in the Carolina Hemlock samples and in only one of
the Eastern Hemlock samples (M. Talley, NCSU, Raleigh, NC, unpubl. data). This
research is ongoing.
In addition to a salivary sheath, plant-feeding Hemipterans also secrete watery
saliva that may contain digestive enzymes used for extra-oral digestion, to establish
and maintain feeding sites, to suppress plant defenses, and/or to induce changes in
plant physiology (Miles 1999, Mutti et al. 2008, Will et al. 2007). Young et al. (1995)
documented both salivary sheath saliva and watery saliva in HWA using several
staining methods, but did not evaluate whether the watery saliva contained enzymes.
It has been repeatedly suggested that the injection of toxic saliva by HWA induces
the systemic response that ultimately leads to hemlock death (McClure 1995b, Miles
1990, Young et al. 1995). However, there is no evidence to support that claim and until recently, the watery saliva and digestive enzymes of HWA were unstudied.
Recent research results reveal the presence of at least four trophically related enzymes used by HWA: trypsin-like enzyme, amylase-like enzyme, peroxidase, and
SRO\SKHQROR[LGDVH 2WHQHWDO 7KHVHHQ]\PHVWXGLHVDUHWKH¿UVWRIWKHLU
kind in the HWA system and the implications for plant-pest interactions are numerRXV*LYHQGLI¿FXOWLHVLQLVRODWLQJ+:$VDOLYDKRZHYHUZKROHERG\KRPRJHQDWH
was used, which makes it impossible to pinpoint the source of the enzyme (e.g.,
salivary glands, alimentary canal). Each of these enzymes has its own implications
for plant–pest interactions. The presence of trypsin-like enzyme indicates that
HWA is capable of digesting proteins rather than relying solely upon free amino
acids. If used extra-orally, then HWA may also have the ability to digest structural
proteins of the plant that are otherwise insoluble (Hori 1970, 1971), enhancing
their stylet penetration capabilities. It is also possible that protease injections by
HWA induce a wound-response pathway that triggers a systemic response in the
tree, as is the case in other plant-sucking insects (Dietrich et al. 1999, Ryan 2000).
7KHSUHVHQFHRIDQDP\ODVHOLNHHQ]\PHZKLFKEUHDNVGRZQDQGOLTXH¿HVSODQW
starches, correlates with the previously determined internal feeding site of the
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VWDUFK¿OOHG [\OHPUD\ SDUHQFK\PD FHOOV <RXQJ HW DO   DQG DOVR VXJJHVWV
that HWA employs extra-oral digestion. Amylase inhibitors are also produced in
many plants (Garcia-Olmedo et al. 1987, Marshall 1975) and may be a component
of resistance. In some cases, enzyme inhibitors are capable of inhibiting the activity
of both protease and amylase (Ryan 1990). The presence of oxidases (peroxidase
DQGSRO\SKHQROR[LGDVH SUHVHQWLQWKHZDWHU\VDOLYDZRXOGVXJJHVWDGHWR[L¿FDWLRQ
response to plant defenses (Miles 1999). Further research and successful isolation
of watery saliva may determine whether or not this occurs. From a biochemical
VWDQGSRLQW WKLV GHWR[L¿FDWLRQ UHVSRQVH FRXOG EH D PDMRU FRQWULEXWLRQ WR WKH V\Vtemic reaction of hemlock to HWA feeding (as described in Radville et al. 2011).
For example, in the case of Therioaphis maculata Buckton (Spotted Alfalfa Aphid),
Madhusudhan and Miles (1998) suggest that necrosis of Alfalfa susceptible to the
Spotted Alfalfa Aphid was likely caused by the injection of salivary oxidases into
the plant. If the same occurs when HWA feeds on susceptible hemlocks, then the
systemic reaction may be indicative of the tree’s inability to compensate for oxidase
injection. Resistant and susceptible hemlocks should be examined for the presence
RIHQ]\PHLQKLELWRUVVSHFL¿FWRWKHHQ]\PHVGHWHFWHGLQ+:$LQWKLVVWXG\ 2WHQ
2011, Oten et al. 2014).
The toxic saliva theory and the proposed implications of the aforementioned
trophically related enzymes of HWA are supported by what is known regarding the
reaction of hemlock to HWA. Following infestation, hemlocks exhibit symptoms
similar to those observed under drought conditions (Domec et al. 2013). The reaction is systemic and is now believed to be a hypersensitive response indicated
through the detection of increased H2O2 levels in infested trees (Radville et al.
2011). In addition, tree water-use is reduced by more than 40%, and gross primary
productivity is reduced by 25% (Domec et al. 2013). Morphological changes also
occur internally. False rings, a section of an annual growth ring with thickened
cell walls that reduce water transportation, develop within HWA-colonized woody
stems (Domec et al. 2013, Gonda-King et al. 2012).
Researchers at NCSU have infested hemlocks and are screening their tissues to
look for infestation-induced changes in the xylem-ray parenchyma cells, the internal feeding site of HWA (Young et al. 1995). Monthly samples of Eastern, Carolina,
and Western Hemlock branches are frozen, microtomed, and stained using a method
PRGL¿HGIURP<RXQJHWDO  ,QDQHIIRUWWRGHWHFWDQ\LQWHUQDOPRUSKRORJLFDO
changes HWA causes to its internal feeding site, stained sections are examined with
a light microscope to observe alterations in ray-parenchyma cell-structure over time
following HWA infestation, (M. Talley, NCSU, Raleigh, NC, unpubl. data).
Developing Resistant Hemlocks
There are already well-established techniques used to incorporate resistance in
other plant species that can be applied to the development of an HWA-resistant hemlock. Although the use of HWA-resistant varieties in an IPM program is still in the
IXWXUHWKHVHPHWKRGVRIIHUDIRXQGDWLRQXSRQZKLFKWREXLOG$QLQWUDVSHFL¿FEUHHGLQJSURJUDPPD\EHDFKDOOHQJHJLYHQWKHGLI¿FXOW\LQLGHQWLI\LQJQDWXUDOO\UHVLVWDQW
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individuals, but it is valuable because it would preserve the desired appearance of
trees native to the eastern US while maintaining environmental compatibility (BingKDPHWDO /LNHZLVHLQWHUVSHFL¿FEUHHGLQJFDQLQFRUSRUDWHUHVLVWDQWJHQHV
of non-native species with the characteristics of native species. As an alternative to
traditional breeding programs, biotechnology offers several methods to incorporate
resistant characteristics that may accelerate the breeding process. Gene conservation also plays an important role in maintaining the genetic diversity and range of
adaptive variation present across the range of hemlocks. This section discusses the
progress, value, and potential of each of these developmental techniques.
Searching for natural resistance
Exploiting resistance or tolerance in native hemlock populations requires idenWL¿FDWLRQ RI UHVLVWDQW LQGLYLGXDOV IRU EUHHGLQJ DQGRU YHJHWDWLYH SURSDJDWLRQ ,Q
2011, researchers at NCSU began the search for HWA resistance or tolerance in the
southern range of Eastern Hemlock and throughout the range of Carolina Hemlock.
The primary technique utilized to identify putatively resistant trees was similar to
the approach taken by researchers at University of Rhode Island in 2007 (Ingwell
and Preisser 2011). Researchers produced brochures detailing the characteristics
of a putatively resistant tree, including foliar color and density, tree size, HWA
impact on surrounding hemlocks, and HWA density. To reduce the incidence of
false positives, they targeted brochure distribution primarily to natural resource
professionals, but some brochures were made available to the general public. An
interactive display was developed for the citizen-science area at the North Carolina
Museum of Natural Science, Nature Research Center, Raleigh, NC. The researchers
also developed a website to facilitate and standardize the process for reporting surviving hemlocks. Researchers evaluated suggestions for candidate trees and, where
DSSURSULDWHWKHVFLHQWLVWVPDGH¿HOGHYDOXDWLRQV,QDGGLWLRQWRSXUVXLQJUHVLVWDQFH
as reported by people responding to the brochure, NCSU researchers are searching
for resistant hemlocks in Great Smoky Mountains National Park, an area that has
experienced widespread infestation and subsequent hemlock mortality. Searches
within the park have been prioritized based on hemlock frequency, as derived from
vegetation maps produced by the National Park Service (Evans 2014), and hemlock
mortality, with the highest-mortality areas having increased priority. Surviving
hemlocks in sites with the highest mortality will be highly visible, and will have
withstood the increased pressures of adjacent HWA infestations. HWA-induced
mortality serves as a natural screening procedure, with surviving hemlocks representing potentially resistant individuals for which further screening can occur.
 )LHOG HYDOXDWLRQ RI UHSRUWHG WUHHV LV XVHG WR YHULI\ VSHFLHV LGHQWL¿FDWLRQ WUHH
health, and environmental factors that may explain good tree health. The treehealth assessment examines the crown size, density and distribution of foliage, and
the presence and density of HWA infestation. Lightly infested trees that exhibit
thinning foliage throughout the crown or within the crown’s interior are ruled to
be likely in decline due to HWA. High levels of sun exposure, adequate moisture,
and minimal competition from surrounding trees contribute to tree health (A.E.
0D\¿HOG86)6$VKHYLOOH1&DQG50-HWWRQXQSXEOGDWD 7RWHVWIRUSRVVLEOH
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previous insecticide treatment, researchers screen for presence of imidacloprid, an
insecticide applied to combat HWA, using a commercially available ELISA kit as
described by Eisenback et al. (2009). NCSU researchers do not test for the presence
of dinotefuran at this time due to the higher cost of testing and lower frequency of
use of this insecticide.
Trees that meet the criteria for putative resistance after field evaluation are
vegetatively propagated for the purpose of resistance screening in common-garden environments. Depending upon the timing of the field evaluation, softwood,
semi-hardwood, or hardwood cuttings are collected for rooting, with additional
collections occurring as needed to attain a sufficient number of plants for screening. Cuttings from 31 Eastern Hemlock trees from NC are currently being rooted,
with collections from an additional 21 Eastern Hemlock and one Carolina Hemlock scheduled from trees in NC, TN, and VA. Plants will be artificially infested
with HWA when cuttings are of suitable size and are well-established. A raindown technique that uses infested branches hanging over to-be-infested trees has
been developed to facilitate mass infestation of possibly resistant Hemlocks and
for progeny screening (Jetton et al., in press). Level of resistance or tolerance will
be evaluated based upon the density of settled HWAs over time as well as overall
plant health. Individual trees exhibiting resistance or tolerance will be included in
a breeding population, where crosses will be made until true-breeding progeny for
resistance can be produced.
Interspeci¿c hybridi]ation
 $QDOWHUQDWLYHWR¿QGLQJUHVLVWDQFHLQQDWLYHSRSXODWLRQVRI(DVWHUQ+HPORFN
DQG&DUROLQD+HPORFNLVWKHSURGXFWLRQRILQWHUVSHFL¿FK\EULGVEHWZHHQWKHVHVSHcies and HWA-resistant or -tolerant Asian hemlocks (Chinese Hemlock, Southern
-DSDQHVH+HPORFN1RUWKHUQ-DSDQHVH+HPORFN $OO¿YHRIWKHVHKHPORFNVSHFLHV
have the same number of chromosomes (haploid of n = 12) and are not known to
exhibit polyploidy (Santamour 1963, Sax and Sax 1933). Researchers at USNA
began making those hybrid crosses using controlled pollination in 1991, and have
successfully produced T. caroliniana x T. chinensis hybrids, but were unsuccessful in hybridizing Eastern Hemlock with any of the above Asian hemlocks (Bentz
et al. 2002, Pooler et al. 2002). Subsequent testing has shown the T. caroliniana
x T. chinensis hybrids to be intermediate to the parent species in HWA resistance,
with good growth and form (Montgomery et al. 2009). USNA hybrids are currently being evaluated in MD and NC for adaptation to conditions in eastern North
America, as well as suitability for landscape use.
Researchers at NCSU began a hemlock-hybrid breeding program in 2011 in NC.
Crosses between both Eastern and Carolina Hemlocks and the three Asian species
mentioned above were made in 2011, but failed to produce any viable hybrid seedlings. Additional crosses were made in 2012 with the same parent species. Seed from
2012 has not yet been germinated, but very low viability is expected due to heavy
seed predation by insects. In an attempt to initiate somatic embryogenesis, some immature hybrid seeds were collected and cultured in 2011 and 2012 (see next section
on Biotechnology). Another series of hybrid crosses between Eastern Hemlock and
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the Asian hemlock species was made in 2013, as well as crosses between Eastern
and Western Hemlocks; the success of these efforts has yet to be evaluated.
If hybrid hemlock crosses are successfully made at NCSU, F1 generation progeny
will be screened for HWA resistance. Resistant progeny, if fertile, will be backcrossed
to their respective native parent species to increase the proportion of native genes, in
an approach mirroring that used with Castanea dentata (Marsh.) Borkh. (American
Chestnut) to combat Cryphonectria parasitica (Murr.) Barr (Chestnut Blight) (Diskin
et al. 2006, Hebard 2006). A series of backcrosses and intercrosses will be made until
lines that are true-breeding for HWA resistance and native hemlock morphological
characteristics are achieved. This backcrossing procedure is often used in breeding
programs to maintain the adaptive traits of a native species while integrating resistant
traits of a non-native species (Hayes et al. 1955).
Biotechnology
Biotechnology offers multiple tools that can be used to implement HWA resistance strategies. While molecular approaches may eventually make contributions
in this area, in vitro culture and associated technologies are more likely to have
near-term impact in areas such as hemlock conservation and restoration. Technologies such as in vitro clonal propagation via somatic embryogenesis, cryostorage,
and gene transfer have already been developed for multiple species in the Pinaceae,
and these techniques should be transferrable to hemlocks with relatively minor
PRGL¿FDWLRQV+HUHZHZLOOUHYLHZWKHFXUUHQWVWDWXVRIWKHVHWHFKQRORJLHVZLWK
hemlocks and discuss the potential for their application in conservation of hemlock
germplasm and restoration of hemlocks to their native ranges.
Somatic embryogenesis. The ability to clonally propagate hemlocks in vitro
would open multiple avenues for aiding hemlock conservation and restoration.
Currently, the most widely used in vitro propagation system for conifers is somatic embryogenesis (SE). SE is an in vitro process by which structures (somatic
embryos) resembling zygotic (seed) embryos are produced asexually. These somatic embryos can be germinated like seeds to produce seedling-like plantlets
(somatic seedlings). The process was first described in the 1950s for Daucus
carota L. (Carrot; Reinert 1958, Steward 1958), but it was not reported in a conifer until the 1980s, when it was described in Picea abies L. Karst. (Norway
Spruce; Hakman et al. 1985) and Larix decidua Mill. (Larch; Nagmani and Bonga
1985). Over the next two decades, somatic embryogenesis was reported in the
literature for several species representing every genus of the Pinaceae in North
America, except Tsuga. High frequency SE systems capable of producing thousands or even millions of somatic seedlings have been developed at forest biotech
companies and university labs (e.g., Park 2002, Sutton 2002) for some of the
more important commercial North American conifers, such as Picea glauca (Moench) Voss (White Spruce), Pseudotsuga menziesii (Mirb.) Franco (Douglas-fir),
Pinus strobus L. (Eastern White Pine), and Loblolly Pine. The lack of a similar
system for hemlocks is likely due to their relatively minor commercial value.
Recognizing the potential for SE as a useful tool for hemlock conservation and
restoration, Montello et al. (2008) began research to establish embryogenic cultures
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of both Eastern and Carolina Hemlocks by applying SE induction protocols that
had been effective with other Pinaceae taxa. In a preliminary study, they collected
immature cones from hemlocks in North Carolina and Virginia during July and
August, dissected them to obtain immature seeds, and cultured the immature seeds
or embryos on an induction medium containing 2,4-dichlorophenoxyacetic acid
(2,4-D) that had originally been developed for pine somatic embryogenesis (Merkle
et al. 2005). A low percentage of the explants produced callus that appeared very
similar to embryogenic callus reported for other conifers (Figs. 1A, B), and callus
derived from one explant representing each species went on to produce a number
of bullet-stage somatic embryos (Fig. 1C) and a few cotyledonary-stage somatic
embryos (Fig. 1D) following transfer to a pine maturation medium (EMM2; Smith
1996). In a more extensive study, Merkle et al. (in press) cultured seeds collected on
different dates during May–August from four Eastern Hemlock and four Carolina
Hemlock source-trees in Georgia and North Carolina, on three different induction
PHGLD &RQH FROOHFWLRQ GDWH DQG PHGLXP VLJQL¿FDQWO\ DIIHFWHG HPEU\RJHQHVLV
induction frequency, with induction reaching as high as 52% for Eastern Hemlock

Figure 1. Somatic embryogenesis in Eastern and Carolina Hemlocks. A) Embryogenic callus derived from a zygotic embryo, emerging from an Eastern Hemlock megagametophyte.
Bar = 1 mm. B) Established culture of Eastern Hemlock embryogenic callus. Bar = 500 μm.
C) “Bullet-stage” Carolina Hemlock somatic embryo. Bar = 1 mm. D) Early cotyledonstage Carolina Hemlock somatic embryos. Bar = 500 μm.
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seeds collected in mid-July in Georgia and 17% for Carolina Hemlock seeds collected in late July in North Carolina. Smith’s (1996) EDM6 medium proved the best
overall for embryogenesis induction for both hemlock species.
Once established, embryogenic hemlock cultures were maintained by monthly
transfer to fresh EDM6 medium. Regeneration of large numbers of somatic embryos
from the cultures has been problematic to date, although preliminary experiments
XVLQJ D PRGL¿HG /LWYD\¶V PHGLXP /LWYD\ HW DO   LPSURYHG SURGXFWLRQ RI
coytledonary-stage embryos over Smith’s (1996) EMM2 medium (S. Merkle, University of Georgia, Athens, GA, unpubl. data). While only a few hemlock somatic
seedlings have been produced so far, experiments to optimize a protocol and media
for mature somatic embryo and somatic seedling production are continuing.
Cryostorage. Embryogenic cultures of most species are well suited for
cryostorage (i.e., storage in liquid nitrogen). Cryostorage of embryogenic cultures
offers an alternative approach to storing seeds or installing plantings outside the
range of HWA to conserve genetic diversity of both threatened hemlock species.
2QFHSODFHGLQOLTXLGQLWURJHQFXOWXUHVFDQEHVWRUHGLQGH¿QLWHO\UHFRYHUHGDQG
regrown, with little or no loss of viability. Cryopreservation protocols have been
developed that are routinely applied to embryogenic cultures of a number of coniferous species, including White Spruce (Kartha et al. 1988), Picea mariana (Mill.)
Britton, Sterns, and Poggenb. (Black Spruce; Touchell et al. 2002), and Pinus radiata D. Don (Radiata Pine; Hargreaves and Smith 1992). Montello et al. (2010)
tested a cryopreservation protocol that previously had been applied to cryostore
and recover embryogenic cultures of different hardwood tree species (Holliday and
Merkle 2000, Vendrame et al. 2001). Embryogenic hemlock cultures pre-treated in
liquid EDM6 (Smith 1996) supplemented with 0.4 M sorbitol and cryostored in the
same medium supplemented with 5% dimethylsulfoxide (DMSO) as cryoprotectant
FRXOG EH WKDZHG DQG UHJURZQ ZLWK  HI¿FLHQF\ HYHQ DIWHU PRUH WKDQ VHYHQ
PRQWKVLQFU\RVWRUDJHIRUIRXURI¿YHWHVWHGJHQRW\SHV
Combining SE with conventional breeding. The ability to generate embryogenic
hemlock cultures and their amenability to cryostorage have important implications for generating and testing material that may be resistant or tolerant to HWA
infestation. The clonal multiplying power of a good SE system could be very effectively combined with conventional intra-species and hybrid hemlock breeding
programs. Seeds resulting from crosses between surviving native hemlocks that
appear to possess resistance/tolerance to HWA could be used as explants to start
embryogenic cultures. Once established, these cultures could generate populations
of genetically identical trees that could be used in screening trials to determine if
there is a genetic basis for HWA resistance or tolerance of the parent trees. Similarly, hybrid breeding between susceptible native hemlocks and resistant Asian
species such as Chinese Hemlock can be combined with SE to generate clones of
hybrid trees for resistance/tolerance screening. In fact, this approach is already
being pursued: through a collaboration between University of Georgia researchers
and NCSU hemlock breeders, embryogenic cultures of T. caroliniana x T. chinensis and T. caroliniana x T. sieboldii have been generated and are being tested for
somatic embryo and somatic seedling production (S. Merkle, unpubl. data). It is
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also possible that problematic hybrid crosses (i.e., crosses from which it has been
GLI¿FXOWWRREWDLQYLDEOHVHHGVVXFKDVFURVVHVLQYROYLQJ(DVWHUQ+HPORFN PD\
be aided by culturing the developing seeds, thereby rescuing the hybrid embryo
which would otherwise abort, at the same time as inducing SE from it. Finally, the
fact that embryogenic cultures currently can only be started from zygotic embryos,
thus preventing cloning of proven genotypes, can be partially overcome by taking
advantage of the relatively high level of self-compatibility that has been reported
for both Eastern and Carolina Hemlocks (Bentz et al. 2002). Selfed seeds from
potentially resistant/tolerant hemlocks could be used to start embryogenic cultures,
thereby providing a collection of clones with putative resistance genes in various
heterozygous and homozygous combinations. In all of these scenarios, the fact
that hemlock embryogenic cultures can be recovered following cryostorage means
WKDWWKH\FDQEHKHOGLQGH¿QLWHO\ZKLOHVRPDWLFVHHGOLQJVGHULYHGIURPWKHPDUH
screened for HWA resistance or tolerance. Then, if screening results indicate that
any of the clones are especially promising, the cultures from which they were
derived can be thawed, regrown and scaled-up to make somatic seedlings for restoration purposes.
Potential for transgenic research. To date, there have been no published reports
of gene transfer in any hemlock species. However, embryogenic cultures have provided excellent target material for gene transfer in a number of conifers, including
Norway Spruce, White Spruce, Loblolly Pine, Radiata Pine, and Eastern White
Pine (see review by Tang and Newton 2003). Given the apparent similarity of hemlock embryogenic callus to that of other Pinaceae members, it is likely that the same
protocols used to transfer genes into these species using Agrobacterium-mediated
gene transfer would be applicable to hemlocks. Thus, if it becomes desirable to test
transgenes (e.g., Bacillus thuringiensis endotoxin genes) or cisgenes (i.e., from
resistant hemlocks) for their ability to confer HWA resistance/tolerance to Eastern
Hemlock or Carolina Hemlock, this approach should be feasible.
Gene conservation
Ex situ gene conservation is a key component of the integrated effort to manage the impacts of HWA on eastern North American forests (Onken and Keena
2008), and complements the in situ methods of biological and chemical control for
conserving hemlocks. It involves the collection of seeds that represent the genetic,
climatic, and edaphic variability present across the range of the species. Seeds are
placed either into seedbanks for long-term cold storage, or are used to establish
seed orchards in locations where the trees can be reliably protected. This is an
extreme, but often necessary, approach to conserve the genetic integrity of tree
species threatened by exotic insects and pathogens, climate change, and overharvesting (Dvorak et al. 2000). Genetic resource conservation is particularly critical
for hemlocks at a time when HWA-related decline and mortality continue unabated
and effective management is unavailable. Use of effective chemical insecticides is
limited by economic and environmental concerns, additional research and developPHQWDUHQHFHVVDU\IRUELRORJLFDOFRQWUROWRUHDFKH[SHFWHGOHYHOVRIHI¿FDF\DQG
the breeding of HWA-resistant genotypes is in the early stages.
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The hemlock gene-conservation program was initiated in 2003 as a collaborative
effort between Camcore (International Tree Breeding and Conservation Program
at NCSU), the USDA Forest Service, and numerous state forestry agencies within
the ranges of Eastern and Carolina Hemlock. The primary objective of the project
is to maintain, in perpetuity, genetically diverse and broadly adaptable ex situ seed
reserves and seedling seed orchards that will be available for breeding and restoration activities once effective in situ HWA management strategies are in place. Seed
collections and seed orchard establishment are currently ongoing, but the hemlock
genetic resource conservation program has already placed approximately 2.5 million seeds into conservation. Carolina Hemlock collections total 1515 g of seed
(at 360 seeds/g, more than 500,000 seeds) and represent 134 mother trees from 19
populations distributed across the Southern Appalachian Mountains (Fig. 2). Seed
collections from Eastern Hemlock have yielded 5544 g of seed (at 412 seeds/g,
more than 2 million seeds) from 451 mother trees and 60 populations distributed
across the northern and southern portions of the species’ range within the US
(Fig. 2). Nearly 2000 g of seed have been placed into long-term cryopreservation
at the USDA Center for Genetic Resource Preservation in Fort Collins, CO, and
2204 seedlings have been planted into genetically diverse seed orchards located in
Brazil, Chile, and the US. All remaining seeds reside in Camcore’s seed repository
at NCSU in Raleigh, NC and are being utilized for the establishment of additional

Figure 2. Locations of Eastern and Carolina Hemlock seed collections made by Camcore
and the USDA Forest Service for ex situ genetic resource conservation.
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seed orchards and to supply research projects on hemlock genetic diversity and
breeding. A portion of this seed has also been set aside as a strategic seed reserve
for long-term preservation. These numbers represent mature seed collections, and
do not include collections of immature seeds used for gene conservation through
somatic embryogenesis and cryostorage. For additional details on the strategies
and protocols being utilized for hemlock gene conservation, readers are referred to
Jetton et al. (2013).
Ex situ gene-conservation programs such as the one described above play a
critical role in the development and implementation of resistance-breeding and
restoration programs. At its most fundamental level, genetic resource conservation
protects against the worst-case scenarios of local and range-wide extinctions and the
functional elimination of Eastern and Carolina Hemlocks from forest ecosystems.
Furthermore, the genotypes conserved through seed collections and seed-orchard
establishment can be utilized to address a variety of resistance-breeding and restoration objectives. In the event that biological and chemical controls are effective in
maintaining HWA populations below damaging levels and resistant genotypes are
not an absolute necessity, the seeds and seed orchards will provide a ready source
of locally adapted material for restoration planting. In this situation, for example,
restoration plantings of Eastern Hemlock in Great Smoky Mountains National Park
can be accomplished with the 24 seed sources that were collected within the park
ERXQGDULHV LQ  -HWWRQ HW DO   ,I LQWHUVSHFL¿F K\EULGV EHWZHHQ QDWLYH
hemlocks and HWA-resistant species from western North America and Asia are
the objective, the genetically diverse and broadly adaptable base population made
available through gene conservation will increase the probability and number of
successful hybrid crosses. Moreover, gene conservation may be the foundation that
allows for the establishment of regionally adapted breeding populations as has been
accomplished by The American Chestnut Foundation’s program (Hebard 2006). Finally, if the amount of hemlock genetic material available for resistance screening
is maximized, the possibility for identifying naturally occurring HWA resistance in
Eastern and Carolina Hemlocks will increase. If resistance is found and the level
of genetic variation for resistance traits is adequate, opportunities might exist for
breeding and restoration programs based on the pure species rather than genotypes
with some proportion of genes from non-native hemlocks.
Conclusion
When breeding agricultural crops resistant to an insect pest, host-plant resistance is a powerful tool. It is widely accepted as a major component of countless
IPM programs, and should also be used and implemented when managing forest
pests. Developing an HWA-resistant hemlock suitable for restoration plantings and
continued HWA management in the eastern US will undoubtedly be a long process,
but the foundation is already established. Continuing the search for resistance
mechanisms through continued host–pest interaction studies will improve our ability to search for and screen for resistant individuals. As discussed here, there are
VHYHUDOWHFKQLTXHVWKDWDUHDOUHDG\VKRZLQJSURPLVHWR¿QGDQGDPSOLI\UHVLVWDQFH
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Continued research deserves further investment to continue this pursuit and increase the chances for successful long-term HWA management in the eastern US.
Acknowledgments
The authors are very grateful for the many sources of funding that supported this work,
including USDA Forest Service Northern Research Station and Forest Health Protection Region 8, the Golden Leaf Foundation, and James “Rusty” Rhea of the USDA Forest Service
Forest Health Protection for funding for hemlock gene-conservation efforts. In addition, we
thank the many people who assisted in conducting this research, especially Allen Cohen for
his expertise, help, and advice in the development and completion of the enzyme assays,
Gary Bauchan, John Frampton, John Strider, John Monahan, John King, Paul Montello,
Hannah Smith, and Lisheng Kong. We appreciate the numerous local, state, and federal
resource managers who have assisted in the seed-collection process. Additionally, we are
grateful to the Veterinary and Medical Entomology Lab at NCSU for the use of equipment
for the enzyme assays.
Literature Cited
Annand, P.N. 1924. A new species of Adelges +HPLSWHUD 3K\OOR[HULGDH  3DQ3DFL¿F
Entomologist 1:79–82.
Bentz, S.E., L.G.H. Riedel, M.R. Pooler, and A.M. Townsend. 2002. Hybridization and selfcompatibility in controlled pollinations of eastern North American and Asian hemlock
(Tsuga) species. Journal of Arboriculture 28:200–205.
Bentz, S.E., R.J. Griesbach, M.R. Pooler, and A.M. Townsend. 2007. Tsuga chinensis as a
source of host resistance to the Hemlock Woolly Adelgid. Pp. 24–25, In K.W. Gottschalk
(Ed.). Proceedings: 17th US Department of Agriculture Interagency Research Forum on
Gypsy Moth and other Invasive Species, General Technical Report NRS-P-10. US Department of Agriculture, Forest Service, Northern Research Station, Newtown Square, PA.
Bernays, E.A., and Chapman, R.F. 1994. Host-plant Selection by Phytophagous Insects.
Chapman and Hall, New York, NY. 312 pp.
%LQJKDP 57 $( 6TXLOODFH DQG -: 'XI¿HOG  %UHHGLQJ EOLVWHUUXVWUHVLVWDQW
Western White Pine. Journal of Forestry 51:163–168.
Broeckling, C.D., and S.M. Salom. 2003. Volatile emission of Eastern Hemlock, Tsuga
canadensisDQGWKHLQÀXHQFHRI+HPORFN:RROO\$GHOJLG3K\WRFKHPLVWU\±
Caswell, T., R. Casagrande, B. Maynard, and E. Preisser. 2008. Production and evaluation
of Eastern Hemlocks potentially resistant to the Hemlock Woolly Adelgid. Pp. 124–
134, In B. Onken and R. Reardon (Eds.). Fourth Symposium on the Hemlock Woolly
Adelgid in the Eastern United States, 12–14 February 2008. USDA Forest Service,
FHTET-2008-01, Morgantown, WV.
Cheah, C.A.S.-J., M.E. Montgomery, S. Salom, B.L. Parker, S. Costa, and M. Skinner. 2004.
Biological control of Hemlock Woolly Adelgid. USDA Forest Service, FHTET-2004-04.
Morgantown, WV. 22 pp.
Cohen, A.C. 1990. Feeding adaptations of some predaceous Hemiptera. Annals of the Entomological Society of America 83:1215–1223.
Cohen, A.C., C. Chu, T.J. Henneberry, T. Freeman, D. Nelson, J. Buckner, D. Margosan, P.
9DLODQG/+$XQJ)HHGLQJELRORJ\RIWKH6LOYHUOHDI:KLWHÀ\&KLQHVH-RXUQDO
of Entomology 18(2):64–82.
162

2014

Vol. 13, Special Issue 6
Southeastern Naturalist
K.L.F. Oten, S.A. Merkle, R.M. Jetton, B.C. Smith, M.E. Talley, and F.P. Hain

Del Tredici, P., and A. Kitajima. 2004. Introduction and cultivation of Chinese Hemlock
(Tsuga chinensis) and its resistance to Hemlock Woolly Adelgid (Adelges tsugae). Journal of Arboriculture 30:282–287.
Dietrich, R.A., K. Lawton, L. Friedrich, R. Cade, M. Willits, and K. Maleck. 1999. Induced
SODQW GHIHQVH UHVSRQVHV 6FLHQWL¿F DQG FRPPHUFLDO GHYHORSPHQW SRVVLELOLWLHV 3S
205–222, In D.J. Chadwick and J.A. Goode (Eds.). Insect-Plant Interactions and Induced
Plant Defence. Wiley, Chichester, UK. 290 pp.
Diskin, M., K.C. Steiner, and F.V. Hebard. 2006. Recovery of American Chestnut characteristics following hybridization and backcross breeding to restore blight-ravaged
Castanea dentata. Forest Ecology and Management 223:439–447.
Domec, J.C., L.N. Rivera, J.S. King, I. Peszlen, F. Hain, B. Smith, and J. Frampton. 2013.
Hemlock Woolly Adelgid (Adelges tsugae) infestation affects water and carbon relations
of Eastern Hemlock (Tsuga canadensis) and Carolina Hemlock (Tsuga caroliniana).
New Phytologist 199(2):452–463.
Dvorak, W.S., E.A. Gutierrez, G.R. Hodge, J.L. Romero, J. Stock, and O. Rivas. 2000.
Conservation and testing of tropical and subtropical forest tree species by the Camcore
Cooperative. NC State University, Raleigh, NC. 233 pp.
Eigenbrode, S.D., J.T. Trumble, and R.A. Jones. 1993. Resistance to Beet Armyworm
(Spodoptera exigua [Hubner]), Hemipterans, and Liriomyza spp. in Lycopersicon. Journal of the American Society of Horticultural Science 118:525–530.
Eisenback, B.M., D.E. Mullins, S.M. Salom, and L.T. Kok. 2009. Evaluation of ELISA for
imidacloprid detection in Eastern Hemlock (Tsuga canadensis) wood and needle tissues.
Pest Management Science 65(2):122–128.
Evans, T.D. 2014. GRSM all hemlock forest types. Geospatial Dataset-2203162. Available
RQOLQHDWKWWSVLUPDQSVJRY$SS5HIHUHQFH3UR¿OH$FFHVVHG0DUFK
Farjon, A. 1990. Pinaceae. Drawings and descriptions of the genera Abies, Cedrus, Pseudolarix, Keteleeria, Nothotsuga, Tsuga, Cathaya, Pseudotsuga, Larix and Picea. Koeltz
6FLHQWL¿F%RRNV.RQLJVWHLQ*HUPDQ\SS
Flanders, K.L., J.G. Hawkes, E.B. Radcliffe, and F.I. Lauer. 1992. Insect resistance in potatoes: Sources, evolutionary relationships, morphological and chemical defenses, and
Ecogeographical associations. Euphytica 61:83–111.
Furniss, R.L., and V.M. Carolin. 1977. Western forest insects. USDA Forest Service Miscellaneous Publication 1339. Washington, DC. 654 pp.
Garcia-Olmedo, F., G. Salcedo, R. Sanchez-Monge, L. Gomez, J. Royo, and P. Carbonero.
3ODQWSURWHLQDFHRXVLQKLELWRUVRISURWHLQDVHVDQGĮDP\ODVHV2[IRUG6XUYH\VRI
Plant and Molecular and Cell Biology 4:275–334.
Gonda-King, L., L. Radville, and E.L. Preisser. 2012. False-ring formation in Eastern
Hemlock branches: Impacts of Hemlock Woolly Adelgid and Elongate Hemlock Scale.
Environmental Entomology 41(3):523–531.
Hakman, I., L.C. Fowke, S. Von Arnold, and T. Eriksson. 1985. The development of somatic
embryos in tissue cultures initiated from immature embryos of Picea abies (Norway
spruce). Plant Science 38:53–59.
Hargreaves, C., and D.R. Smith. 1992. Cryopreservation of Pinus radiata embryogenic tissue. Combined Proceedings International Plant Propagators’ Society 42:327–333.
Havill, N.P., M.E. Montgomery, G. Yu, S. Shiyake, and A. Caccone. 2006. Mitochondrial
DNA from Hemlock Woolly Adelgid (Hemiptera: Adelgidae) suggests cryptic speciation and pinpoints the source of the introduction to eastern North America. Annals of the
Entomological Society of America 99:195–203.
163

2014

Vol. 13, Special Issue 6
Southeastern Naturalist
K.L.F. Oten, S.A. Merkle, R.M. Jetton, B.C. Smith, M.E. Talley, and F.P. Hain

Havill, N.P., C.S. Campbell, T.F. Vining, B. LePage, R.J. Bayer, and M.J. Donoghue. 2008.
Phylogeny and biogeography of Tsuga (Pinaceae) inferred from nuclear ribosomal ITS
and chloroplast DNA sequence data. Systematic Botany 33:478–489.
Hayes, H.K., F.R. Immer, and D.C. Smith. 1955. Methods of Plant Breeding. McGraw-Hill,
New York, NY. 432 pp.
Hebard, F.V. 2006. The backcross breeding program of the American Chestnut Foundation.
Journal of the American Chestnut Foundation19:55–77.
Heinrichs, E.A. 1986. Perspectives and directions for the continued development of insectresistant rice varieties. Agriculture, Ecosystems, and Environment 18:9–36.
Holliday, C.P., and S.A. Merkle. 2000. Preservation of American Chestnut germplasm by
cryostorage of embryogenic cultures. Journal of the American Chestnut Foundation
14(1):46–52.
Hoover, B., R. Bates, J. Sellmer, and G. Hoover. 2009. Challenging Chinese Hemlock
(Tsuga chinensis) with Hemlock Woolly Adelgid (Adelges tsugae) ovisacs. Arboriculture and Urban Forestry 35:1–4.
Hori, K. 1970. Some properties of amylase in the salivary gland of Lygus disponsi (Hemiptera). Journal of Insect Physiology 16:373–386.
Hori, K. 1971. Studies on the feeding habits of Lygus disponsi Linnavuori (Hemiptera: Miridae) and the injury to its host plants. I. Histological observations of the injury. Applied
Entomology and Zoology 6:84–90.
Ingwell, L.L., and E.L. Preisser. 2011. Using citizen-science programs to identify host resistance in pest-invaded forests. Conservation Biology 25(1):182–188.
Jetton, R.M., F.P. Hain, W.S. Dvorak, and J. Frampton. 2008. Infestation rate of Hemlock
Woolly Adelgid (Hemiptera: Adelgidae) among three North American hemlock (Tsuga)
VSHFLHVIROORZLQJDUWL¿FLDOLQRFXODWLRQ-RXUQDORI(QWRPRORJLFDO6FLHQFH±
Jetton, R.M., W.A. Whittier, W.S. Dvorak, and J.R. Rhea. 2013. Conserved ex situ genetic
resources of Eastern and Carolina Hemlock: Eastern North American conifers threatened by the Hemlock Woolly Adelgid. Tree Planters’ Notes 56(2):59–71.
-HWWRQ50$(0D\¿HOGDQG=/3RZHUV,QSUHVV'HYHORSPHQWRIDUDLQGRZQWHFKQLTXH WR DUWL¿FLDOO\ LQIHVW KHPORFNV ZLWK WKH +HPORFN :RROO\ $GHOJLG +HPLSWHUD
Adelgidae). Journal of Insect Science.
Kartha, K.K., L.C. Fowke, N.L. Leung, K.L. Caswell, and I. Hakman. 1988. Induction of
somatic embryos and plantlets from cryopreserved cell cultures of White Spruce (Picea
glauca). Plant Physiology 132:529–539.
.DXU 1  'HYHORSLQJ DUWL¿FLDO UHDULQJ WHFKQLTXHV IRU +HPORFN :RROO\ $GHOJLG
Adelges tsugae and Balsam Woolly Adelgid, Adelges piceae$UWL¿FLDOLQIHVWDWLRQDQG
epicuticular wax study of Carolina Hemlock, Tsuga caroliniana, provenances. M.Sc.
Thesis. North Carolina State University, Raleigh, NC. 129 pp.
Keen, F.P. 1938. Insect enemies of western forests. USDA Miscellaneous Publication 273.
Washington, DC. 280 pp.
Klingauf, F.A. 1987. Feeding, adaptation and excretion. Pp. 225–253, In A.K. Minks and P.
Harrewijn (Eds.). Aphids: Their Biology, Natural Enemies and Control. Vol. 2A. Elsevier, Amsterdam, The Netherlands. 364 pp.
Kogan, M. 1994. Plant resistance in pest management. Pp. 73–128, In R.L. Metcalf and
W.H. Luckmann (Eds.). Introduction to Insect Pest Management. Third Edition. John
Wiley and Sons, Inc., New York, NY. 650 pp.
Lagalante, A.F., N. Lewis, M.E. Montgomery, and K.S. Shields. 2006. Temporal and spatial
variation of terpenoids in Eastern Hemlock (Tsuga canadensis) in relation to feeding by
Adelges tsugae. Journal of Chemical Ecology 32:2389–2403.
164

2014

Vol. 13, Special Issue 6
Southeastern Naturalist
K.L.F. Oten, S.A. Merkle, R.M. Jetton, B.C. Smith, M.E. Talley, and F.P. Hain

/LWYD\ -' '& 9HUPD DQG 0$ -RKQVRQ  ,QÀXHQFH RI D /REOROO\ 3LQH Pinus
taeda L.) culture medium and its components on growth and somatic embryogenesis of
the Wild Carrot (Daucus carota L.). Plant Cell Reports 4:325–328.
Madhusudhan, V.V., and P.W. Miles. 1998. Mobility of salivary components as a possible
reason for differences in the responses of Alfalfa to the Spotted Alfalfa Aphid and Pea
Aphid. Entomologia Experimentalis et Applicata 86:25–39.
0DUVKDOO --  Į$P\ODVH LQKLELWRUV IURP SODQWV 3S ± In A. Jeanes and J.
Hodge (Eds.). Physiological Effects of Food Carbohydrates. CS Symposium Series,
American Chemical Society, Washington, DC. 355 pp.
McClure, M.S. 1987. Biology and control of Hemlock Woolly Adelgid. Bulletin of the Connecticut Agricultural Experiment Station 851. New Haven, CT. 9 pp.
McClure, M.S. 1989. Evidence of a polymorphic life cycle in the Hemlock Woolly Adelgid, Adelges tsugae (Homoptera: Adelgidae). Annals of the Entomological Society of
America 82:50–54.
McClure, M.S. 1991. Density-dependent feedback and population cycles in Adelges tsugae
(Homoptera: Adelgidae) on Tsuga canadensis. Environmental Entomology 20: 258–264.
McClure, M.S. 1992. Hemlock Woolly Adelgid. American Nurseryman 175: 82–89.
McClure, M.S. 1995a. Diapterobates humeralis (Oribatida: Ceratozetidae): An effective
control agent of Hemlock Woolly Adelgid (Homoptera: Adelgidae) in Japan. Environmental Entomology 24:1207–1215.
McClure, M.S. 1995b. Managing Hemlock Woolly Adelgid in ornamental landscapes. Bulletin of the Connecticut Agricultural Experiment Station 925. New Haven, CT. 7 pp.
McClure, M.S., Cheah, C.A., and Tigner, T.C. 2000. Is Pseudoscymnus tsugae the solution
to the Hemlock Woolly Adelgid problem? An early perspective. Pp. 89–96, In K.A.
Mc-Manus, K.S. Shields, and D.R. Souto (Eds.). Proceedings: Symposium on Sustainable Management of Hemlock Ecosystems in Eastern North America, 22–24 June 1999,
Durham, NH. GTR-NE-267, USDA Forest Service, Northeastern Research Station,
Newtown Square, PA.
Merkle, S.A., P.M. Montello, X. Xia, B.L. Upchurch and D.R. Smith. 2005. Light-quality
treatments enhance somatic seedling production in three southern pine species. Tree
Physiology 26:187–194.
Merkle, S.A., P.M. Montello, H.M. Reece, and L. Kong. In press. Somatic embryogenesis
and cryostorage of Eastern Hemlock and Carolina Hemlock for conservation and restoration. Trees: Structure and Function.
Miles, P.W. 1990. Aphid salivary secretions and their involvement in plant toxicoses, Pp.
131–147. In R.K. Campbell and R.D. Eikenbary (Eds.). Aphid-plant Genotype Interactions. Elsevier, Amsterdam, The Netherlands. 386 pp.
Miles, P.W. 1999. Aphid saliva. Biological Reviews of the Cambridge Philosophical Society Cambridge Philosophical Society 74:41–85.
Montello, P.M., H.M. Smith, and S.A. Merkle. 2008. Using biotechnology to conserve Eastern and Carolina Hemlock germplasm. Pp. 130, In T.D. Byram and M.L. Rust (Eds.).
Proceedings of the 2007 Joint Meeting of the Southern Forest Tree Improvement Conference and the Western Forest Genetics Association, 19–22 June 2007, Galveston, TX.
Montello, P.M., D.G. Beleski, H.M. Smith, and S.A. Merkle. 2010. Somatic embryogenesis
in Eastern and Carolina Hemlocks. P. 114, In A. Brunner (Ed.) Proceedings of the 30th
Southern Forest Tree Improvement Conference, 30 May–3 June 2009, Blacksburg, VA.
Montgomery, M.E., and S.M. Lyon. 1996. Natural enemies of adelgids in North America:
Their prospect for biological control of Adelges tsugae (Homoptera: Adelgidae). Pp.
89–102, In606DORP7&7LJQHUDQG5&5HDUGRQ (GV 3URFHHGLQJVRIWKH¿UVW
Hemlock Woolly Adelgid review: 12 October 1995, Charlottesville, VA. FHTET 96-10.
US Department of Agriculture, Forest Service, Forest Health Technology Enterprise
Team, Morgantown, WV.
165

2014

Vol. 13, Special Issue 6
Southeastern Naturalist
K.L.F. Oten, S.A. Merkle, R.M. Jetton, B.C. Smith, M.E. Talley, and F.P. Hain

Montgomery, M.E., D. Yao, and H. Wang. 2000. Chinese Coccinelidae for biological control of the Hemlock Woolly Adelgid: Description of native habitat. Pp. 97–102, In K.A.
McManus, K.S. Shields, and D.R. Souto (Eds.). Proceedings: Symposium on Sustainable Management of Hemlock Ecosystems in Eastern North America 22–24 June 1999,
Durham, NH. GTR-NE–267. USDA Forest Service, Northeastern Research Station,
Newtown Square, PA.
Montgomery, M.E., S.E. Bentz, and R.T. Olsen. 2009. Evaluation of hemlock (Tsuga) species and hybrids for resistance to Adelges tsugae +HPLSWHUD$GHOJLGDH XVLQJDUWL¿FLDO
infestation. Journal of Economic Entomology 102(3):1247–1254.
Mutti, N.S., J. Louis, L.K. Pappan, K. Pappan, K. Begum, M.S.C. Ming-Shun, Y. Park,
N. Dittmer, J. Marshall, J.C. Reese, and G.R. Reeck. 2008. A protein from the salivary
glands of the Pea Aphid, Acyrthosiphon pisum, is essential in feeding on a host plant.
Proceedings of the National Academy of Sciences 105:9965–9969.
Nagmani, R., and J.M. Bonga. 1985. Embryogenesis in subcultured callus of Larix decidua.
Canadian Journal of Forest Research 15:1088–1091.
Onken, B., and M. Keena. 2008. Hemlock Woolly Adelgid initiative: Progress and future
direction. Pp. 214–220, In B. Onken, and R. Reardon (Eds.). Proceedings of the Fourth
Hemlock Woolly Adelgid Symposium. USDA Forest Service. FHTET-2008-01. Morgantown, WV.
Onken, B., and R. Reardon (Eds.). 2011. Implementation and Status of Biological Control
of the Hemlock Woolly Adelgid. USDA FHTET-2011-04. Morgantown, WV. 230 pp.
Oten, K.L.F. 2011. Host-plant selection by the Hemlock Woolly Adelgid, Adelges tsugae
Annand: Sensory systems and feeding behavior in relation to physical and chemical
host-plant characteristics. Ph.D. Dissertation. North Carolina State University, Raleigh,
NC. 284 pp.
Oten, K.L.F., G.R. Bauchan, J. Frampton, and F.P. Hain. 2012. Biophysical characteristics
of the stem and petiole surface of six hemlock (Tsuga) species and a hybrid: Implications
for resistance to Adelges tsugae. Botany 90:1170–1178.
Oten, K.L.F., A.C. Cohen, and F.P. Hain. 2014. Stylet bundle morphology and trophically
related enzymes of the Hemlock Woolly Adelgid (Hemiptera: Adelgidae). Annals of the
Entomological Society of America 107(3):680–690.
Painter, R.H. 1951. Insect Resistance in Crop Plants. Macmillan, New York, NY. 520 pp.
Park, Y.-S. 2002. Implementation of somatic embryogenesis in clonal forestry: Technical
requirements and deployment considerations. Annals of Forest Science 59:663–668.
Pelletier, Y. 1990. The role of the color of the substratum on the initiation of the probing
behavior in Myzus persicae (Sulzer) and Macrosiphum euphorbiae (Thomas) (Homoptera: Aphididae). Canadian Journal of Zoology 68(4):694–698.
Pontius, J.A., R.A. Hallett, and J.C. Jenkins. 2006. Foliar chemistry linked to infestation
and susceptibility to Hemlock Woolly Adelgid (Homoptera: Adelgidae). Environmental
Entomology 35:112–120.
Pooler, M.R., L.G.H. Riedel, S.E. Bentz, and A.M. Townsend. 2002. Molecular markers
XVHGWRYHULI\LQWHUVSHFL¿FK\EULGL]DWLRQVEHWZHHQKHPORFN Tsuga) species. Journal of
the American Society for Horticultural Science 127(4):623–627.
Potter, K.M., R.M. Jetton, W.S. Dvorak, V.D. Hipkins, R. Rhea, and W.A. Whittier. 2012.
Widespread inbreeding and unexpected geographic patterns of genetic variation in Eastern Hemlock (Tsuga canadensis), an imperiled North American conifer. Conservation
Genetics 13(2):475–498.
166

2014

Vol. 13, Special Issue 6
Southeastern Naturalist
K.L.F. Oten, S.A. Merkle, R.M. Jetton, B.C. Smith, M.E. Talley, and F.P. Hain

Radville, L., A. Chaves, and E.L. Preisser. 2011. Variation in plant defense against invasive herbivores: Evidence for a hypersensitive response in Eastern Hemlocks (Tsuga
canadensis). Journal of Chemical Ecology 37:592–597.
Reinert, J. 1958. Morphogenese und ihre Kontrolle an Gewebekuluren aus Carotten. Naturwissenschaften 45:344–345.
Ryan, C.A. 1990. Protease inhibitors in plants: Genes for improving defenses against insects and pathogens. Annual Review of Phytopathology 28:425–449.
Ryan, C.A. 2000. The systemin signaling pathway: Differential activation of plant defensive genes. Biochimica et Biophysica Acta 1477:112–121.
Santamour, F.S., Jr. 1963. Chromosome number in Tsuga. Morris Arboretum Bulletin 14:51.
Sax, K., and H.J. Sax. 1933. Chromosome number and morphology in the conifers. Journal
of the Arnold Arboretum 14:356–375.
Schmidtling, R.C., C.D. Nelson, and T.L. Kubisiak. 2005. On the origin of fusiform rust
resistance in Loblolly Pine. Pp. 135–145, In S.E. McKeand (Ed.). Proceedings of the
28th Southern Forest Tree Improvement Conference. The National Technical InformaWLRQ6HUYLFH6SULQJ¿HOG9$
6PLWK'5*URZWKPHGLXP863DWHQW1R863DWHQW2I¿FH:DVKLQJton, DC.
Steward, F.C. 1958. Growth and development of cultivated cells. III. Interpretations of the
growth from free cell to carrot plant. American Journal of Botany 45:709–713.
Sutton, B. 2002. Commercial delivery of genetic improvement to conifer plantations using
somatic embryogenesis. Annals of Forest Science 59:657–661.
Tang, W., and R.J. Newton. 2003. Genetic transformation of conifers and its application in
forest biotechnology. Plant Cell Reports 22:1–15.
Touchell, D.H., V.L. Chiang, and C.J. Tsai. 2002. Cryopreservation of embryogenic cultures
of Picea mariana %ODFN6SUXFH XVLQJYLWUL¿FDWLRQ3ODQW&HOO5HSRUWV±
Vendrame, W.A., C.P. Holliday, P.M. Montello, D.R. Smith, and S.A. Merkle. 2001. Cryopreservation of Yellow-poplar (Liriodendron tulipifera) and sweetgum (Liquidambar
spp.) embryogenic cultures. New Forests 21:283–292.
Wallin, K.F., T.M. Latty, and D.W. Ross. 2011. Orientation behavior of the predator Laricobius nigrinus (Coleoptera: Derodontidae) to Hemlock Woolly Adelgid and host-tree
odors in a multi-chambered olfactometer. Environmental Entomology 40: 864–872.
Wang, Y., M. Tang, P. Hao, Z. Yang, L. Zhu, and G. He. 2008. Penetration into rice tissues
E\%URZQ3ODQWKRSSHUDQG¿QHVWUXFWXUHRIWKHVDOLYDU\VKHDWKV(QWRPRORJLD([SHULmentalis et Applicata 129: 95–307.
Weston, P., and R. Harper. 2009. Potential of Tsuga spp. from western North America and
Asia as replacements for Eastern Hemlock (Tsuga canadensis). Arboriculture and Urban
Forestry 35:5–9.
Will, T., W.F. Tjallingii, A. Thönnessen, and A.J.E. van Bel. 2007. Molecular sabotage
of plant defense by aphid saliva. Proceedings of the National Academy of Sciences
104:10,536–10,541.
Young, R.F., K.S. Shields, and G.P. Berlyn. 1995. Hemlock Woolly Adelgid (Homoptera:
Adelgidae): Stylet bundle insertion and feeding sites. Annals of the Entomological Society of America 88:827–835.
Zilahi-Balogh, G.M.G., L.M. Humble, A.B. Lamb, S.M. Salom, and L.T. Kok. 2003.
Seasonal abundance and synchrony between Laricobius nigrinus Fender (Coleoptera:
Derodontidae) and its prey, the Hemlock Woolly Adelgid, Adelges tsugae (Homoptera:
Adelgidae) in British Columbia. Canadian Entomologist 135:103–115.
167

