ABSTRACT

MEADOWS, SARAH LOUISE TRUE. Monoecious Hydrilla Biology and Response to
Selected Herbicides. (Under the direction of Drs. Robert J. Richardson and Fred H.
Yelverton).

Hydrilla is a federally listed noxious weed that has become one of the most expensive
and difficult to manage aquatic weeds in the United States. Of the 14 aquatic herbicides
labeled by the U.S. Environmental Protection Agency (EPA), only a portion are active on
hydrilla. With these limited chemical control tools, and the ongoing threat of herbicide
resistance, combinations of herbicides are continuing to be examined for aquatic weed
control. Laboratory and field evaluations have shown that penoxsulam and endothall, when
applied in combination, decreased exposure requirements for penoxsulam, reduced endothall
use rates for reduction of hydrilla biomass, and increased duration of control compared to
endothall alone. To further examine the penoxsulam-endothall combination, and to assess
the effects of herbicide exposure on hydrilla, metabolic profiling was employed. Metabolite
profiling is a relatively new, but fast-growing and useful diagnostic technique in herbicidal
mode of action research, the goal of which is the identification of links between genotypes
and phenotypes. Two mass spectrometry (MS) analytical platforms were utilized to provide
comprehensive metabolite coverage. This study generated several statistically valid
multivariate models describing the similarities and differences in the metabolic profiles
produced from monoecious hydrilla treated with endothall, penoxsulam, and a combination
of both herbicides. We found unique variations in the metabolome seen when hydrilla was
created with both penoxsulam and endothall together, which were not seen with the

treatments of either herbicide alone.
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CHAPTER 1

Monoecious Hydrilla — A Review of the Literature
Abstract

Hydrilla verticillata is a submersed aquatic weed that has become one of most expensive and
difficult to manage in the United States. There are two biotypes of hydrilla found in the
United States, a dioecious and a monoecious biotype. The monoecious biotype is typically
found from North Carolina northward and is rapidly spreading. The body of research
focusing on strictly the monoecious biotype is much smaller than that of the dioecious, as
reflected in the literature. A search with BIOSIS yielded 1,246 articles with the topic
‘hydrilla’; only 53 of those had the additional topic ‘monoecious’. Many publications on
hydrilla make no mention of biotype, therefore only an educated guess can be made based on
study locations to decipher biotype. Provided is a comprehensive overview of published

research on monoecious hydrilla.

Species Overview

The submersed aquatic monocotyledonous angiosperm Hydrilla verticillata (L.f.) Royle is an
aggressive, opportunistic, nuisance species in the Hydrocharitaceae family that has spread
from its native Asia to every continent except Antarctica (Cook and Luond 1982, Pieterse
1981). Taxonomic classification for Hydrilla along with other genera of Hydrocharitaceae is
shown below (USDA 2012); although the genus Najas is now placed within
Hydrocharitaceae by some sources (Weakly 2012).

Kingdom Plantae
Subkingdom Tracheobionta



Superdivision  Spermatophyta

Division Magnoliophyta
Class Liliopsida
Subclass Alismatidae
Order Hydrocharitales
Family Hydrocharitaceae
Genus Hydrilla
Genus Blyxa
Genus Egeria
Genus Elodea
Genus Enhalus
Genus Halophila
Genus Hydrocharis
Genus Lagarosiphon
Genus Limnobium
Genus Nechamadra
Genus Ottelia
Genus Stratiotes

Hydrilla is difficult to manage and causes significant economic and ecological damage across
the US (Langeland 1996). Hydrilla may appear similar to other submersed aquatic plants
(refer to taxonomic key in Figure 1), but what makes hydrilla unique are its vegetative
reproductive structures (Figure 2). These perennial structures allow hydrilla to rapidly
resprout and revegetate after treatments or environmental stresses (Netherland, 1997; Owens
& Madsen, 1998). Hydrilla causes severe problems in infested water bodies (Langeland
1996). One significant problem is the disruption of water flow in reservoirs or in drainage
and irrigation canals. It negatively impacts recreational uses of a water body including
boating, fishing, swimming, water skiing, etc. Hydrilla can also displace native plant life and
shift balanced ecosystems to monocultures with altered fish populations. Hydrilla can also
affect wildlife higher up the food chain. It has been documented to host an epiphytic

cyanobacterium in the order Stigonematales. This cyanobacterium is believed to produce a



neurotoxin that causes Avian Vacuolar Myelinopathy (AVM), a neurological disease that
impacts waterfowl and their predators in the southeastern US, including bald eagles (Wilde et

al. 2005, Williams et al. 2007).

In the US, both a female dioecious biotype (pistillate flowers only) and a monoecious biotype
(staminate and pistillate flowers on the same plant) of hydrilla have become naturalized
(Cook and Luond 1982). Optimal growth and survival for the dioecious type in is found in
warmer climates, while the monoecious form is better suited for more temperate climates
with lower temperatures and shorter growing seasons (Ames et al. 1986; Van 1989; Madeira
et al. 2000; Netherland 1997; Steward et al. 1987). Dioecious hydrilla typically thrives all
year in the warm waters of the southern US, while monoecious hydrilla dies back completely

in the winter and acts as an herbaceous perennial (Harlan et al. 1985).

Monoecious and dioecious biotypes of hydrilla found in the US have been shown to be
genetically distinct (Verkleij et al. 1983; Ryan et al. 1991). A method of distinction between
the two biotypes was conducted by Ryan and Holmberg (1994) and Ryan et al. (1995). They
used random amplified polymorphic DNA (RAPD) and detected a marker that was only
present in dioecious hydrilla, not the monoecious biotype. Madeira et al. (1997, 2000)
continued this research examining samples of both US hydrilla biotypes from around the
world to examine origins of introductions. In 2004, Madeira et al. published an improved
tool for distinguishing between monoecious and dioecious hydrilla that could be done

without the reference samples required for the original method.



Introduction and Spread

Monoecious hydrilla may have been first documented within the US in Delaware, and then in
Washington, DC and the Potomac River in 1980 (Haller 1982, Steward et al. 1984). Steward
et al. (1984) suggested that it was possibly introduced during caging and transplanting
experiments where hydrilla, mistakenly identified as Elodea canadensis, was transplanted
from Kenilworth Gardens in Washington, DC. Lilypons Water Gardens, located in
Adamstown, Maryland, may have been the source of the Kenilworth Gardens infestation.
They were a popular commercial supplier of aquatic ornamental plants in the area, and Haller
(1982) reported seeing a hydrilla-like plant with tubers there during a 1980 visit.

Monoecious hydrilla was first documented in North Carolina in 1980 after reports of dense,
weedy vegetation in Umstead Lake in the mid to late 1970’s (Figure 2). The Delaware and
North Carolina invasions seem to be relatively synchronous and it is possible that early
monoecious hydrilla spread in the US was facilitated by contaminated aquatic plant (esp.
water lily) shipments from Lilypons (Madeira et al. 2000) or other sources. Local spread and
dispersal of monoecious hydrilla is often attributed to boaters moving plant fragments
unintentionally, and new infestations often occur near boat ramps. Intentional spread also
occurs when individuals believe that hydrilla will benefit fish and waterfowl! habitat
(Langeland 1996). Non-human dispersal is possible as well, with waterfowl able to transport
turions, fragments, and seeds (Coley 1997, Joyce et al. 1980, Langeland 1996, Langeland and

Smith 1984, Miller 1998).

The monoecious biotype spread and became the dominant hydrilla biotype found in the Mid-



Atlantic States (Langeland 1996). In 2000, Madeira et al. showed that monoecious hydrilla
was found in drainages of the Atlantic Basin from central Georgia up to Pennsylvania and
Connecticut. It was not found in Gulf Basin drainages, but was sporadically located in the
Pacific basin, in California and Washington (Madeira et al. 2000). Monoecious hydrilla is
also found in the Interior Basin in Maryland and North Carolina. Langeland (1996)
suggested that monoecious hydrilla could spread as far north as southern Canada, based on
its range in Europe. Les et al. (1997) compiled the northernmost hydrilla distributions
worldwide and Balciunas and Chen (1993) provided a comparison of January temperatures in
North America to those in Asia where hydrilla has been documented. Based on reported
worldwide hydrilla distribution and climate patterns, there are vast areas in North America at

risk of invasion by hydrilla (Figure 3).

US monoecious hydrilla populations have been linked to a population found in Seoul, Korea
(Medeira et al. 1997). Monoecious and dioecious hydrilla are both triploid, and the diploid
parents of monoecious hydrilla have not been determined. However, Benoit (2011) suggests
that monoecious hydrilla is a hybrid of Indian and Indonesian lineages and that dioecious
hydrilla tested from India, Nepal, and the United States should be considered a distinct
species. Benoit (2011) also postulated that Japan/Korean/European hydrilla and
Indonesian/Malaysian hydrilla should each be considered distinct species as well, postulating

a total of 3 species within Hydrilla.



Anatomy/Life Cycle

Hydrilla grows as a rooted and submersed plant. Detached hydrilla stems can also survive on
their own or in mats and may grow roots to attach to sediment. Hydrilla produces many
stolons and rhizomes, as well as turions in the leaf axils which detach upon maturity.
Axillary turions are small compact buds that are green in color. Subterranean turions are
produced on the terminal end of rhizomes. Subterranean turions are larger and vary more in
color, from white to yellow, or gray to red depending on the sediment. They are often
referred to as tubers, although tubers and turions are distinct structures. Hydrilla leaves are
whorled and serrated. The morphology of hydrilla has been described in detail by Cook &

Luond (1982) and Yeo et al. (1984).

Pesacreta (1990) examined carbohydrate allocation in monoecious hydrilla and found that the
majority of starch accumulation occurred in plant shoots when exposed to short
photoperiods. Starch levels in tubers were found to decrease mostly in the first two weeks
after sprouting (Pesacreta 1990). Pesacreta (1990) also found that monoecious hydrilla

displayed enhanced fragmentation after 8 weeks of high temperatures (32° C).

Harlan et al. (1985) described the phenology of monoecious hydrilla in North Carolina. A
comparison of monoecious hydrilla phenology in North Carolina to the phenology of
dioecious hydrilla in Florida is shown in Figure 4. Tubers began sprouting in late March and
continued through August (Harlan et al. 1985). The sprouting of axillary turions usually

occurs prior to the sprouting of tubers in monoecious hydrilla (Spencer and Ksander 2001).



Spencer and Ksander (2001) found that half of axillary turions sprout by mid-June, and half
of tubers by mid-July. After subterranean and axillary turions sprout, rapid growth occurs
laterally. On the Chickahominy River, the most abundant hydrilla biomass was found in
October (Shields et al. 2012). Turion production occurs during long-day photoperiods in the
summer. Tubers were formed from June through October (Harlan et al. 1985). Axillary
turions formed from October through December (Harlan et al. 1985). Following a final burst
of subterranean turion production induced by short days, monoecious hydrilla biomass
declines and then breaks away from the substrate and detached mats loaded with axillary
turions can become mobile (Steward and Van 1987). As a result of these mats collecting on
the shoreline, Harlan et al. (1985) found the majority of sprouting axillary turions in depths
less than 0.5 m. Monoecious hydrilla behaves as a herbaceous perennial in North Carolina
and farther north, as plant stands and fragments do not over-winter (Harlan et al. 1985;
Owens and Smart 2007; Sutton et al. 1992). Maximum growth is seen in the summer, in
winter there is no shoot growth and plants die back, and regrowth is dependent on turions
sprouting in the spring (Harlan et al. 1985; Sutton et al. 1992). Monoecious hydrilla does,
however, show some perennial characteristics in studies done in southern Florida, with
growth all year long, but somewhat limited in winter months (Steward 1993; Sutton et al.
1992). Maki and Galatowitsch (2008) studied monoecious hydrilla axillary turion
overwintering capacity, and found that 67 and 42% survived cold treatments (4°C) of 63 and

105 days, respectively.

Initial identification of hydrilla can often be difficult due to its highly polymorphic



tendencies, and it is often misidentified as the morphologically similar Egeria spp. and
Elodea spp. (Rybicki et al. 2013). Distinguishing between biotypes furthers the confusion, as
growing conditions can have a significant effect on the appearance of the plant, and there is
no way to visually definitively distinguish between biotypes without flowers (Figure 1).
There are, however, some characteristics that can lead to a reasonable conclusion as to which
biotype is being examined. For example, the monoecious plant is much less robust than the
dioecious with leaf width of 1 to 3 mm and 2.25 to 3.5mm, respectively (Benoit 2011).
Monoecious hydrilla produces more tubers than does dioecious hydrilla; however the tubers
are smaller and weigh less (Sutton et al. 1992; Van 1989.) A comparison of hydrilla tuber
weights and densities is shown in Tables 1 and 2. Sprouting monoecious tubers send shoots
out laterally, rather than vertically towards the surface as the dioecious tubers do (Van 1989).

And, staminate flowers are present with monoecious, but not dioecious hydrilla.

Monoecious hydrilla tubers have a very high germination rate in laboratory trials, often
greater than 90% (Harlan et al. 1985, VVan and Steward 1990, personal experience).
However, while monoecious hydrilla tubers readily germinate when removed from sediment,
when left undisturbed in situ the germination rate is much lower (Van and Steward 1990).
Carter et al. (1987) found that monoecious hydrilla tubers require a chilling period prior to
sprouting which may prevent sprouting the same year of formation. Monoecious hydrilla
tubers have been shown to remain in undisturbed soil for more than 4 years after production
(Van and Steward 1990), and six year old tubers have still been viable in North Carolina

(unpublished data). There appears to be an environmental imposed dormancy which



prevents depletion of tuber populations. Axillary turions will germinate within one year or
not at all (\Van and Steward 1990). Nawrocki et al. (2011) also found that monoecious
hydrilla tubers have multiple axillary buds preformed within dormant tubers that can produce

secondary shoots, even after terminal shoot removal.

Spencer and Anderson (1986) found in a greenhouse study that 38% of monoecious hydrilla
grown from tubers and exposed to a 10 hour photo period produced tubers by 28 days, and
100% produced tubers by 56 days. They also observed that tuber production seemed to be
the priority for the plants, over production of new root or shoot tissue (Spencer and Anderson
1986). Van (1989) found that monoecious hydrilla produced tubers under both a 10 and 16
hour (h) photoperiod, but production was much higher for the 10 h photoperiod. Tubers were
produced in Van’s study (1989) after 4 weeks of exposure to this photoperiod. Spencer at al.
(1994) had similar results; monoecious hydrilla produced more tubers with an 11 h
photoperiod than with a 15 h photoperiod. Spencer et al. (1994) also examined the carbon
and nitrogen allocation of monoecious hydrilla and found that 43 times more carbon was

allocated to new tubers than nitrogen.

Monoecious hydrilla produces tubers at a lower temperature than does dioecious (Steward
and Van 1987). This, along with its annual growth habit, shows why monoecious hydrilla is
adapted for northern areas, which are colder and have short growing seasons. However,
McFarland and Barko (1999) found that monoecious hydrilla may be more adapted to

warmer temperatures than previously reported. In their study, subterranean turion production



occurred at unexpectedly high temperatures (35 °C), although in reduced amounts
(McFarland and Barko 1999). This lends to the theory that monoecious hydrilla could
possibly spread and thrive farther south than typically thought. Nawrocki et al (2011) also

found similarities in sprouting of both biotypes under temperature and light manipulation.

Hydrilla turions vary greatly in abundance, size, and weight. Axillary turions are on average
half the size of tubers (Van and Steward 1990). Spencer et al. (1987) found that the mean
fresh weight for monoecious tubers ranged from 117 to 202 mg and 36 to 77 mg for axillary
turions. Nawrocki (2011) reported that monoecious subterranean turion weight varied from
30 to 320 mg in North Carolina lakes. Harlan et al. (1985) showed that the majority of
monoecious hydrilla tubers in North Carolina lakes were found at soil depths between 0 to 8
cm, but that soil depths of 8 to 12 cm could hold up to 50% of the total turions. Tubers were
infrequently found deeper than 12 cm (Harlan et al. 1985). Monoecious hydrilla tubers have
been found in densities of over 3000 tubers per m? in North Carolina (Nawrocki 2011).
Nawrocki et al. (2011) examined monoecious hydrilla tuber sprouting dynamics at varying
pH levels (4-10), and found few differences in initial growth. Monoecious hydrilla can
tolerate salinities up to 13 ppt (Steward and Van 1987); however, Twilley and Barko (1990)
reported little salinity tolerance in monoecious hydrilla. Shields et al. (2012) reported that
hydrilla was limited to the upper estuary of the Chickahominy River where salinity stays less
than 3 ppt. Carter et al. (1987) reported that monoecious hydrilla vegetative growth was
reduced when exposed to salinities of 7 and 9 ppt, and that there is a negative correlation

between salinity and tuber germination. Greater than 92% of tubers in fresh water sprouted,

10



4 to 20% of tubers exposed to 5 to 9 ppt salinity sprouted, while no tubers sprouted with
salinities greater than 9 ppt (Carter et al. 1987). Nawrocki et al. (2011) exposed tubers to
salinity for two weeks. Salinity of 12 ppt had little to no effect on tuber sprouting, while
tubers exposed to 24 ppt did not sprout under constant salinity exposure but sprouted when

moved into a solution of deionized water (Nawrocki et al. 2011).

While there have been no reports of seed production from the dioecious biotype of hydrilla
(Steward 1993), viable seed production has been reported in monoecious hydrilla (Conant et
al. 1984; Langeland and Smith 1984; Langeland 1996; Lal and Gopal 1993). A monoecious
population in New Delhi, India produced seed profusely during late winter (Lal and Gopal
1993). The seeds showed light sensitivity and germinated within a week at 23 to 28°C, and
readily germinated when exposed to light after being stored wet or dry in darkness for up to
one year (Lal and Gopal 1993). Sexual reproduction of monoecious hydrilla would result in
variations that would allow adaptations to a wider range of environments than are already
exploited by this plant, by aiding in dispersal and overwintering. Lal and Gopal (1993)
suggest that hydrilla seed production may offer a long-term strategy for plant survival after

long dry periods, such as in regions with a monsoon climate.

Steward (1993) found that 71% of test crosses between dioecious and monoecious hydrilla
resulted in the production of seed. Of the seeds from these successful crosses, 90% were
viable and the majority of seedlings survived (Steward 1993). Lake Gaston, on the North

Carolina-Virginia border, is the first location where both biotypes of hydrilla were found in
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one body of water (Ryan et al. 1995). Steward (1993) hypothesized that if hydrilla starts
sexually reproducing, there could be serious detrimental effects. Genetic variability would
increase, and individuals could develop with adaptations for thriving in a greater number of

environments. This could lead to greater difficulty in managing and controlling hydrilla.

Monoecious hydrilla is an extremely tolerant and competitive plant. It can establish and then
displace native plants. Spencer and Ksander (2000) showed the strong competitive ability of
monoecious hydrilla mixed with American pondweed, and Meadows and Richardson (2012)
found that monoecious hydrilla out-competed four other submersed aquatic plants (Eurasian
watermilfoil (Myriophyllum spicatum L.; invasive), curly leaf pondweed (Potamogeton
crispus L.; invasive), Elodea canadensis Michx. (native), and Vallisneria americana Michx.
(native).) in a mesocosm trial. Chadwell and Engelhardt (2007) reported that monoecious
hydrilla establishment was inhibited by previous colonies of Vallisneria americana (Michx.)
in greenhouse trials, but not in field trials, while Steward (1991b) showed that monoecious
hydrilla biomass was on average 45% higher when grown with Vallisneria americana in
mesocosms. Meadows and Richardson (2012) and Hofstra et al. (1999) found hydrilla
growth in outdoor tanks to be greater when planted close to the same time as competitor
species than if the competitor was given more time to establish before monoecious hydrilla

introduction.

Steward (1991a) found that monoecious hydrilla in the Potomac River would most likely not

grow at less than 5% of incident solar PAR, and therefore would be restricted to the limnetic
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zone. Estes et al. (2011) conducted a survey after the discovery of monoecious hydrilla in
Cumberland County, Tennessee, the first infestation found in a rocky, rugged mountain
stream system. They found hydrilla mainly in pool and run habitats (Estes et al. 2011).
Hydrilla can take advantage of disturbances and rapidly colonize these areas. On the
Chickahominy River a high salinity, low water clarity disturbance event occurred in 2001 to
2002 which lead to bare sediment (Shields et al. 2012). Monoecious hydrilla took advantage
of the lack of competition and became the dominant species, however smaller amounts of
non-invasive SAV also became established in these areas (Shields et al. 2012). In North
Carolina, monoecious hydrilla is now invading highly disturbed systems like flowing rivers,

estuaries, and reservoirs with high water fluctuation.

Control/Management

Hydrilla is a difficult weed to eradicate, and research on management of the monoecious
biotype is more limited than dioecious. Monoecious hydrilla active management should
begin several weeks after tubers first sprout, or as soon as possible after discovery of new
infestations. However, new infestations of monoecious hydrilla are often not detected until
much later in the season, when shoot growth reaches the surface of the water body, which
increases the level of difficulty to achieve control. Treatments to control monoecious
hydrilla are generally the same as for dioecious hydrilla, with chemical control and grass carp
generally being the most effective. Mechanical control is usually not recommended for
hydrilla management due to the fragmentation that occurs, the cost, and other negative

impacts. Serafy et al. (1994) found that hydrilla biomass was greater 21 days after harvesting
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than at an undisturbed site, and mechanical harvesting had short term negative effects on fish
populations. Haller et al. (1980) estimated that mechanical harvesting of dioecious hydrilla

caused a loss of 32% of fish numbers and 18% of fish biomass in Orange Lake, FL.

Chemical herbicide treatments are a popular and effective method for managing hydrilla
infestations. Current herbicides registered for hydrilla control in the US include bispyribac-
sodium, copper, diquat, endothall, flumioxazin, fluridone, imazamox, and penoxsulam,
although the majority of research conducted for product registration was done on dioecious
hydrilla, and not the monoecious biotype. Treatments of diquat and endothall (both
dipotassium and monoamine salts) produced similar results on both US biotypes (Steward
and Van 1986, 1987, Van et al. 1987). Diquat and endothall are often more successful when
applied early to mid-June, when monoecious hydrilla biomass is more manageable
(Langeland and Pesacreta 1986). A second application can be applied in mid-August if
regrowth occurs (Langeland and Pesacreta 1986). Van et al. (1987) reported that a
concentration of 0.25 mg/l diquat for 2 days was lethal to both monoecious and dioecious
hydrilla. Hodson (1984) showed that endothall was effective on monoecious hydrilla, but
appropriate exposure times must be met. Langeland and Pesacreta (1986) also reported that
granular endothall was more effective in areas with more water exchange, while Poovey and
Getsinger (2010) found that endothall applied at 2 mg ai 1™ with 72 hour exposure times
reduced monoecious hydrilla biomass grown from shoot fragments. Monoecious hydrilla
sprouted tubers needed an increased rate (4 mg ai I') or longer exposure times (96 hours) to

achieve the same result (Poovey and Getsinger 2010). Bensulfuron methyl, when applied in
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rates of 0.05-0.2 mg/L to monoecious hydrilla, causes biomass reduction for only two months
before regrowth occurs (Van and Vandiver 1992). However, it has been shown to inhibit
subterranean turion production in monoecious hydrilla (Van and Vandiver 1992). Fluridone
will control monoecious hydrilla (Langeland and Pesacreta 1986) and has been documented
to cause tuber numbers to decrease over time (Nawrocki 2011). However after years of
repetitive Fluridone treatments within Florida, fluridone-resistant dioecious hydrilla has been
documented (Michel et al. 2004). The exclusive annual use of fluridone (or any single
herbicide mode of action) is not recommended; it is important to alternate herbicide modes of

action or other management techniques in any long-term weed management plan.

Grass carp [Ctenopharyngodon idella (\Val.)] are often recommended and used for hydrilla
management, as stocking a body of water with these fish can cause a reduction or elimination
of aquatic plants. These fish have been called ‘selective generalists’ as they feed on aquatic
plant species in order of decreasing palatability; hydrilla and pondweeds (Potamogeton spp.)
are the most common species reported to be consumed by grass carp (Dibble and Kovalenko
2009). A major concern with using grass carp as a vegetation control method is the possible
negative impacts on aquatic communities, both direct and indirect, and more research is
needed in this area. One major benefit of using grass carp is that it is a multi-year solution.
Regulations for grass carp stocking differ on a state by state basis. In many states a permit
from a state resource management agency is needed for stocking grass carp. The majority of
published research on grass carp and hydrilla has been done with the dioecious biotype,

however, Hodson et al (1984) found a stocking rate of 50 or more grass carp per hectare
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effectively controlled monoecious hydrilla when stocked in winter or spring before
significant hydrilla growth. In North Carolina, recommendations on stocking grass carp are
15 fish per acre in small ponds, and 15-20 fish per vegetated acre in larger water bodies
(Buhler 2011). Combining two methods of control is often recommended and can be
beneficial. Stocking a water body with grass carp is often used in tandem with herbicide
treatments. However, timing is critical, as treated hydrilla plants have been found to be less

desirable for grass carp in greenhouse trials (Kracko and Noble 1993).

The hydrilla leaf-mining fly (Hydrellia pakistanae Deonier and H. balciunasi Bock), has
been suggested as a biological control agent for monoecious hydrilla, as it has had success on
dioecious hydrilla (Doyle et al. 2002, 2007; Owens et al. 2006, 2008). However, Dray and
Center (1996) suggest that H. pakistanae would be useful for control of monoecious hydrilla
only where it can grow as a perennial, and Grodowitz et al. (2010) and Harms and Grodowitz
(2011) show that monoecious hydrilla is not a suitable host, as the plant provides no over-
wintering habitat for the fly. The search for new biological control agents should be
conducted in temperate climates to find agents with compatible overwintering strategies to

monoecious hydrilla.

Prolific tuber production is one of the main challenges to monoecious hydrilla management.
Nawrocki (2011) predicted that with consistent yearly herbicide treatments, it would take 7-
10 years to reduce an initial monoecious hydrilla tuber bank 99.5%. When one year of

treatment was omitted, tuber densities rebounded to 74% of the original amount (Nawrocki
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2011). Spencer and Ksander (1999) found that exposure to acetic acid inhibited sprouting of
tubers by 80 to 100%, and suggested this method may be useful in tandem with drawdown
treatments. Hodson et al. (1984) found that drawdown treatments were ineffective on
monoecious hydrilla in North Carolina due to the location of the tubers in the soil profile;
many tubers were found in the clay substrate layer under an organic detrital layer, and
drawdowns of a few months were not successful in completely drying this clay layer.
Poovey and Kay (1998) further examined summer drawdowns as a control measure for
monoecious hydrilla and found that a drawdown of only one week on sandy soil completely
killed hydrilla and allowed for no tuber production, while on silt loam a two week or more
drawdown period was needed to greatly reduce tuber numbers and suppress regrowth.
Unfortunately the timing of summer drawdowns is not feasible for many water bodies.
Another method proposed for control of monoecious hydrilla and other aquatic invasives is
the altering of organic matter contents of sediments (Gunnison and Barko 1989). However,
this method has had mixed results, and Spencer et al. (1992) found it unsuccessful for

monoecious hydrilla biomass reduction.

While hydrilla is one of the most often studied submersed aquatic plants, the majority of
research has been conducted with the dioecious biotype and additional research is greatly
needed on the monoecious biotype. Development of strategies to increase tuber sprouting
within a narrow time frame is an area of great importance, as this would allow management
efforts to be more effective. In situ documentation of the relevance of monoecious hydrilla

seed production is also needed. This includes quantity of seed produced, viability of seed,
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potential for seed dispersal, and ability of seed to establish new plants. Additionally, research
to increase the effectiveness of management techniques, while limiting damage to non-target
organisms is also needed. As monoecious hydrilla spreads into glacial lakes, a different
species spectrum will be present from that in Florida lakes and management techniques will
need specificity for glacial lake plant diversity. This would include best management
practices for herbicide use, but also other management options and proper integration of
multiple techniques. In order to achieve these goals, the cooperation between industry,

academia, regulatory agencies, and land managers is vital.

18



REFERENCES
Benoit, L.K. "Cryptic Speciation, Genetic Diversity and Herbicide Resistance in the Invasive
Aquatic Plant Hydrilla verticillata (L.f.) Royle (Hydrocharitaceae)™ (January 1,
2011). Dissertations Collection for University of Connecticut. Paper AAI13492149.
http://digitalcommons.uconn.edu/dissertations/AAI13492149

Blackburn, R.D., L.W. Weldon, R.R. Yeo, and T.M. Taylor. 1969. Identification and
distribution of certain similar-appearing submersed aquatic weeds in Florida. Hyacinth
Control J. 8(1): 17-22.

Bowmer, K.H., S.W.L. Jacobs, and G.R. Sainty. 1995. Identification, Biology, and
Management of Elodea canadensis, Hydrocharitaceae. Journal of Aquatic Plant
Management. 33: 13-19.

Buhler, W. 2011. Aquatic Weed Control. In 2012 North Carolina Agricultural Chemicals
Manual. College of Agriculture and Life Sciences, Raleigh, NC. Available online:

http://ipm.ncsu.edu/agchem/7-toc.pdf.

Carter, V., N. B. Rybicki and C. L. Schulman. 1987. Effect of salinity and temperature on
germination of monoecious hydrilla propagules. Journal of Aquatic Plant Management.
25: 54-57.

Chadwell, T. B. and K. A. Engelhardt. 2008. Effects of pre-existing submersed vegetation
and propagule pressure on the invasion success of Hydrilla verticillata. Journal of

Applied Ecology. 45(2): 515-523.

Cook, C. D. K. and R. L6nd. 1982. A revision of the genus Hydrilla (Hydrocharitaceae).
Aguatic Bot. 13: 485-504.

19



Coley, C. 1997. Hydrilla tubers recovered from waterfowl Lake Mattamuskeet, North

Carolina. Aquatic Plant News. 54:2.

Conant, Jr., R.D., T.K. Van, and K.K. Steward. 1984. Monoecious hydrilla produces viable
seeds in the United States. Aquatics, 6 (3):10.

Crow, Garrett E. and B. Hellquist. 2000. Aquatic and Wetland Plants of Northeastern North
America Volume Two Angiosperms: Monocotyledons. The University of Wisconsin
Press, Madison.

Dibble, E.D. and K. Kovalenko. 2009. Ecological impact of grass carp: a review of the
available data. J. Aquat. Plant Manage. 47:1-15.

Doyle, R. D., M. J. Grodowitz, R. M. Smart, and C. S. Owens. 2002. Impact of herbivory of
Hydrellia pakistanae (Diptera: Ephydridae) on growth and photosynthetic potential of
Hydrilla verticillata. Biol. Control. 24: 221-229.

Doyle, R. D., M. J. Grodowitz, R. M. Smart, and C. S. Owens. 2007. Separate and interactive
effects of competition and herbivory on the growth, expansion, and tuber formation of
Hydrilla verticillata. Biol. Control . 41:327-338.

Dray, F. A., Jr., and T. D. Center. 1996. Reproduction and development of the biocontrol
agent Hydrellia pakistanae (Diptera: Ephydridae) on monoecious hydrilla. Biol. Cont.
7:275-280.

Estes, L.D., C. Fleming, A.D. Fowler, and N. Parker. 2011. The distribution, abundance, and
habitat colonization of the invasive submersed macrophyte, Hydrilla verticillata, in a
high-gradient riverine system. Proc. 72" Annual Association of Southern Biologists
(ABS) Meeting, 13-16 April, Huntsville, AL; Oral presentation.

20



Godfrey, Robert K., and Jean W. Wooten. 1979. Aquatic and Wetland Plants of Southeastern

United States: Monocotyledons. The University of Georgia Press, Athens.

Grodowitz, M., J. Nachtrieb, N. Harms, and J. Freedman. 2010. Suitability of using
introduced Hydrellia spp. for management of monoecious Hydrilla verticillata (L.f.)
Royle. APCRP Technical Notes Collection, ERDC/TN APCRP-BC-17. Vicksburg,

MS: U.S. Army Engineer Research and Development Center.

Haller, W. T. 1982. Hydrilla goes to Washington. Aquatics 4(4):6-7.

Haller, W.T., J.V. Shiremana, and D.F. Duranta. 1980. Fish harvest resulting from
mechanical control of hydrilla. Transactions of the American Fisheries Society. 109(5):

517-520.

Haller, W.T., D. L. Sutton and W. C. Barlowe. 1974. Effects of salinity on growth of several
aquatic macrophytes. Ecology. 55(4): 891-894.

Harlan, S. M., G. J. Davis, and G. J. Pesacreta. 1985. Hydrilla in three North Carolina lakes.
J. Aquat. Plant Manage. 23:68-71.

Harms, N.E. and M.J. Grodowitz. 2011. Overwintering biology of Hyrellia pakistanae, a
biological control agent of hydrilla. J. Aquat. Plant Manage. 49:114-117.

Hodson, R.G. G.J. Davis, and K.A. Langeland. 1984. Hydrilla management in North
Carolina. Water Resources Research Inst. Of Univ. of N.C. Rep. No. 217.

(L.f) Royle in flowing water. Hydrobiologia. 656:213-219.

Hofstra, D.E., J. Clayton, J.D. Green, and M. Auger. 1999. Competitive performance of
Hydrilla verticillata in New Zealand. Aquatic Botany. 63(3):305-324.

21



Joyce, J.C., W.T. Haller, and D. Colle. 1980. Investigation of the presence and survivability
of of hydrilla propagules in waterfowl. Aquatics 2(3):10-11.

Kracko, K.L. and R.M. Noble. 1993. Herbicide inhibition of grass carp feeding on hydrilla. J.
Aquat. Plant Manage. 31:273-275.

Langeland, K.A. and G.J. Pesacreta. 1986. Management program for hydrilla (a monoecious
strain) in North Carolina. Water Resources Research Inst. Of Univ. of N.C. Rep. No.
225.

Langeland, K.A. 1996. Hydrilla verticillata (L.F.) Royle (Hydrocharitaceae), “The Perfect
Aquatic Weed”. Castanea. 61(3): 293-304.

Langeland, K.A. and C.B. Smith. 1984. Hydrilla produces viable seed in North Carolina
Lakes. Aquatics. 6(4):20-21.

Lal, C. and B. Gopal. 1993. Production and germination of seeds in Hydrilla verticillata.
Aquat. Bot., 45: 257-261.

Les, D.H., L.J. Mehrhoff, M.A. Cleland, and J.D. Gable. 1997. Hydrilla verticillata
(Hydrocharitaceae) in Connecticut. J. Aquat. Plant Manage. 35:10-14.

Madeira, P.T., T.K. Van, K.K. Steward, and R.J. Schnell. 1997. Random amplified
polymorphic DNA analysis of the phonetic relationships among world-wide accessions
of Hydrilla verticillata. Aquatic Biology. 59:217-236.

Madeira, P.T., C.C.Jacono, and T.K. Van. 2000. Monitoring hydrilla using two RAPD

procedures and the nonindigenous aquatic species database. J. Aquat. Plant Manage.
38:33-40.

22



Madeira, P.T., T.K. Van, and T.D. Center. 2004. An improved molecular tool for

distinguishing monoecious and dioecious hydrilla. J. Aquat. Plant Manage. 42:28-32.

Maki, K.C. and S.M. Galatowitsch. 2008. Cold tolerance of two biotypes of hydrilla and
northern watermilfoil. J. Aquat. Plant Manage. 46:42-50.

McFarland, D.G. and J.W. Barko. 1987. Effects of temperature and sediment type on growth
and morphology of monoecious and dioecious hydrilla. J. Freshwater Ecol. 4(2):245-
252.

McFarland, D.G. and Barko, J.W. 1999. High-temperature effects on growth and propagule
formation in hydrilla biotypes. J. Aquat. Plant Manage. 37:17-25.

Michel, A., B. E. Scheffler, R. S. Arias, S. O. Duke, M. D. Netherland and F.E. Dayan. 2004.
Somatic mutation-mediated evaluation of herbicide resistance in the invasive plant
hydrilla. Mol. Ecol. 13:3229-3237.

Miller, R.W. 1988. The First State’s experiences controlling the northern monoecious form

of hydrilla. Aquatics 10(2):16-23.

Meadows, S.T. and R.J. Richardson. 2012. Competition of monoecious hydrilla with other
submersed macrophytes. Proc. 52" Annual Meeting Aquatic Plant Management
Society (APMS), July 22-25, Salt Lake City, UT. Abstract pp.

Nawrocki, J.J. 2011. Environmental and Physiological Factors Affecting Submersed Aquatic

Weed Management (Masters Thesis). North Carolina State University. Available
online: http://repository.lib.ncsu.edu/ir/handle/1840.16/7126

23



Nawrocki, J.J., S.T. Hoyle, J. Scott, and R.J. Richardson. 2011. Proc. 51st Annual Meeting
Aquatic Plant Management Society (APMS), 24-27 July, Baltimore, MD. Abstract pp.
37-38.

Netherland, M. D. 1997. Turion Ecology of Hydrilla. J. Aquat. Plant Manage. 35: 1-10.

Owens, C. S., M. J. Grodowitz, R. M. Smart, N. E. Harms, and J. M. Nachtrieb. 2006.
Viability of hydrilla fragments exposed to different levels of insect herbivory. J. Aquat.
Plant Manage. 44:145.

Owens, C. S., M. J. Grodowitz, and R. M. Smart. 2008. Impact of insect herbivory on the
establishment of Hydrilla verticillata (L.f) Royle fragments. J. Aquat. Plant Manage.
46:199-202.

Owens, C. S. & J. D. Madsen, 1998. Phenological studies of carbohydrate allocation in
Hydrilla. Journal of Aquatic Plant Management 36: 4044,

Owens, C.S. and R.M. Smart. 2007. Sexual preference and alternative life cycles in hydrilla:
monecious and dioecious. Proc. 47" Annual Meeting Aquatic Plant Management
Society (APMS), July 15-18, Nashville, TN. Abstract p. 47.

Pesacreta, George J. 1990. "Pilot Study: Carbohydrate Allocation in Hydrilla
Biotypes.” Miscellaneous Paper A-90-2. US Army Engineer Waterways

Experiment Station. Vicksburg. MS.

Poovey, A.G. and K.D. Getsinger. 2010. Comparitive response of monoecious and dioecious
hydrilla to endothall. J. Aquat. Plant Manage. 48:15-20.

24



Poovey, A.G. and S.H. Kay. 1998. The potential of a summer drawdown to manage

monoecious hydrilla. J. Aquat. Plant Manage. 36:127-130.

Pieterse, A. H. 1981. Hydrilla verticillata - a review. Tropical Agriculture. 7: 9-34.

Ryan, F.J., C.R. Coley, and S.H. Kay. 1995. Coexistence of monoecious and dioecious

hydrilla in Lake Gaston, North Carolina and Virginia. J. Aquat. Plant Manage. 33:8-12.

Ryan, F. J., J. S. Thullen, and D. L. Holmberg. 1991. Non-genetic origin of isoenzymic
variability in subteranean turions of monoecious and dioecious hydrilla. J. Aquat. Plant
Manage. 29: 3-6.

Rybicki, N.B., J.D. Kirshtein, and M.A. Voytek. 2013. Improved insight about the
distribution of Hydrilla, Egeria, and Elodea (Hydrocharitacea): application of molecular

techniques for identification. J. Aquat. Plant Manage. In Press.

Serafy, J.E., R.M. Harrell, and L.M. Hurley. 1994. Mechanical removal of hydrilla in the
Potomac River, Maryland: Local impacts on vegetation and associated fishes. Journal
of Freshwater Ecology. 9(2): 135-143.

Shields, E.C., K.A. Moore, and D.B. Parrish. 2012. Influences of salinity and light
availability on abundance and distribution of tidal freshwater and oligohaline

submersed aquatic vegetation. Estuaries and Coasts. 35:515-526.

Spencer, D.F. and L.W.J. Anderson. 1986. Photoperiod responses in monoecious and
dioecious hydrilla verticillata. Weed Sci. 34(4):551-557.

Spencer, D.F., LW.J. Anderson, M.D. Ames, and F.J. Ryan. 1987. Variation in Hydrilla
verticillata (L.f.) Royle propagule weight. J. Aquat. Plant Manage. 25:11-14.

25



Spencer, D., L. Anderson, G. Ksander, S. Klaine, and F. Bailey. 1994. Vegetative propagule
production and allocation of carbon and nitrogen by monoecious hydrilla verticillata
(L.f.) Royle grown at two photoperiods. Aquat. Bot. 48(2):121-132.

Spencer, D.F. and G.G. Ksander. 1999. Influence of dilute acetic acid treatments on survival
of monoecious hydrilla tubers in the Oregon House Canal, California J. Aquat. Plant
Manage. 37:67-71.

Spencer, D.F. and G.G. Ksander. 2000. Interactions between American pondweed and
monoecious hydrilla grown in mixtures. J. Aquat. Plant Manage. 38:5-13.

Spencer, D.F. and G.G. Ksander. 2001. Field evaluation of degree-day based equations for
predicting sprouting of hydrilla (Hydrilla verticillata) turions and tubers. Journal of

Freshwater Ecology. 16:479-486.

Spencer, D.F., G.G. Ksander, and S.R. Bissell. 1992. Growth of monoecious hydrilla on
different soils amended with peat or barley straw. J. Aquat. Plant Manage. 30:9-15.

Steward, K.K. 1991a. Light requirements for growth of monoecious hydrilla from the
Potomac River. Florida Sci. 54(3/4):204-214.

Steward, K.K. 1991b. Competitive interaction between monoecious hydrilla and American

eelgrass on sediments of varying fertility. Florida Sci. 54(3/4):135-147.

Steward, K.K. 1993. Seed production in monoecious and dioecious populations of hydrilla.
Aquatic Botany. 46:169-183.

Steward, K.K. and T.K. Van. 1987. Comparative studies of monoecious and dioecious
hydrilla (Hydrilla verticillata) biotypes. Weed Science. 35: 204-210.

26



Steward, K.K., T.K. Van, V. Carter, and A.H. Pieterse. 1984. Hydrilla invades Washington,
DC and the Potomac. American Journal of Botany. 71(1):162-163

Sutton, D.L., T.K. Van, and K.M. Portier. 1992. Growth of dioecious and monoecious

hydrilla from single tubers. J. Aquat. Plant Manage. 30:15-20.

Twilley, R.R. and J.W. Barko. 1990. The growth of submersed macrophytes under
experimental salinity and light conditions. Estuaries. 13(3):311-321.

Van, T.K. 1989. Differential responses to photoperiods in monoecious and dioecious
Hydrilla verticillata. Weed Science. 37:552-556.

Van, T.K. and K.K. Steward. 1990. Longevity of monoecious hydrilla propagules. J. Aquat.
Plant Manage. 28:74-76.

Van, T.K., Steward, K.K., and Conant, R.D., Jr. 1987. Responses of monoecious and
dioecious hydrilla (Hydrilla verticillata) to various concentrations and exposures of
diquat. Weed Science. 35(2):247-52.

Van, T.K. and V.V. Vandiver Jr. 1992. Response of monoecious and dioecious hydrilla to

bensulfuron methyl . Journal of Aquatic Plant Management. 30:41-44.
Verkleij, J.A.C, A.H. Pieterse, G.J.T. Horneman, and M. Torenbeek. 1983. A comparative
study of the morphology and isoenzyme patterns of Hydrilla verticillata (L.f.) Royle.

Aguat. Bot. 17:43-59.

Weakley, A. S. 2012. Flora of the Southern and Mid-Atlantic States. The University of North

Carolina Herbarium. Available online: http://www.herbarium.unc.edu/flora.htm.

27



Wilde, S.B., T.M. Murphy, C.P. Hope, S.K. Habrun, J. Kempton, A. Birrenkott, F. Wiley,
W.W. Bowerman, and A.J. Lewitus. 2005. Avian vacuolar myelinopathy linked to

exotic aquatic plants and a novel cyanobacterial species. Environ. Toxicol. 20:348—
353.

Williams, S.K., J. Kempton, S.B. Wilde, and A. Lewitus. 2007. A novel epiphytic

cyanobacterium associated with reservoirs affected by avian vacuolar myelinopathy.
Harmful Algae. 6:343-353.

Yeo, R. R., R. H. Falk and J. R. Thurston. 1984. The morphology of Hydrilla (Hydrilla
verticillata (L.f.) Royle). Journal of Aquatic Plant Management 22: 1-17.

USDA, NRCS. 2013. The PLANTS Database (http://plants.usda.gov, 23 December 2012).
National Plant Data Team, Greensboro, NC 27401-4901 USA.

28


http://plants.usda.gov/

Figure 1. Taxononomic key for Hydrocharitaceae genera Elodea, Najas, Egeria, and
Hydrilla. Hydrilla keyed to biotype and Elodea keyed to species (Godfrey and Wooten 1979;

Weakley 2012).

29



Aquatic herbs with leaves attached at multiple stem nodes. Leaves less than 4cm long and
opposite or occurring in whorls of 2-8.
1 Leaves opposite or occurring in 4 or fewer per whorl.

2 Leaves slightly narrowed or straight-sided to base, sessile; perianth
present....Elodea

2 Leaves broadened and sheathing at base, narrowing towards apex via “shoulders”;
perianth absent....Najas

1 Leaves in whorls of 3 to 8, with 4-5 leaves per whorl common.

3 Leaves 2 to 3 cm long or longer serrulate margins and rarely the midrib beneath;
young leaves not noticeably scabrous (not rough to touch); leaf whorls generally
spaced regularly on all stems; petals white and 9 to 12 mm long .....Egeria

3 Leaves mostly 0.75 to 1.5 cm long, serrate margins and toothed along the midrib
beneath; young leaves scabrous; leaf whorls generally crowded at stem terminal, not
crowded on mature stems; petals translucent and 2 to 5 mm long...Hydrilla

Elodea
1 Most leaves 1.75 mm wide or greater.... 2
1 Most leaves less than 1.75 mm wide ....4

2 Leaves often overlapping with regular rows near stem apex and lying along stem,
may appear oblong or ovate. E. canadensis

2 Leaves not usually overlapping near stem apex and may appear irregular and
spreading, mostly elliptic to linear or lanceolate....3

3 Leaves often present in whorls of 4, lanceolate to elliptic, not usually parallel-sided, apex
usually obtuse to widely acute.... E. potamogeton

3 Leaves often present in pairs, no whorls of four; mostly linear and parallel sided with acute
apex. E. bifoliata

4 Most leaves folded along midrib, slightly recurved, margins undulate, usually not
greater than 10 mm long.... E. nuttallii

4 Most leaves flat, margins straight and spreading, some greater than 10 mm long....
E. callitrichoides

Hydrilla
Leaf width 2.25 to 3.5mm; staminate flowers not present...dioecious

Leaf width 1.0 to 3.0 mm; staminate flowers sessile, at anthesis deciduous from
plant...monoecious
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Figure 2. Monoecious hydrilla subterranean turions/tubers (left), and monoecious hydrilla axillary turions (right).
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Figure 3. Herbarium specimen of monoecious hydrilla from Umstead Lake, Wake County,

North Carolina, dated Dec. 9, 1980.
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Figure 4. NCSU generated model of likely climates for supporting hydrilla growth June-August. Model based on current reported

geographic distribution of hydrilla and average minimum temperatures from 1950-2000.
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Table 1. Reported tuber weight for dioecious and monoecioius hydrilla.

Biotype Tuber weight (mg) Situation Citation

Dioecious 63-91 Mesocosm Sutton et al. (1992)
160-386 Mesocosm Spencer et al. (1987)
42-44 Mesocosm Van (1989)
188-290 Field, lake Miller et al. (1976)

Monoecious 42-53 Mesocosm Sutton et al. (1992)
117-202 Mesocosm Spencer et al. (1987)
33-34 Mesocosm Van (1989)
30-320 Field, lake Nawrocki (2011)
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Table 2. Reported tuber densities for dioecious and monoecious hydrilla.

Biotype Tuber density Situation Citation

Dioecious 2,153 Mesocosm, 12 mo. Steward and Van (1987)
2,293 Mesocosm, 7 mo. Steward (1980)
257 Field, ponds Haller and Sutton (1975)
293-605 Field, lake Miller et al. (1976)
62-900 Field, ponds Steward (1980)

Monoecious 2,099-9,053 Mesocosm, 16-28 mo Steward and Van (1987)
910-2,985 Mesocosm, 2 mo Poovey and Kay (1998)
189-1,312 Field, 3 lakes Harlan et al. (1985)
101-1,705* Field, 2 lakes Nawrocki (2011)
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Figure 6. Line drawing comparing hydrilla with two other mophologically similar species.
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CHAPTER 2

Monoecious Hydrilla Phenology in Two North Carolina Lakes
Introduction
Hydrilla verticillata (L.f.) Royle (hydrilla) is a federally listed noxious aquatic weed in the
Hydrocharitaceae family. There are two genetically distinct biotypes of hydrilla currently
invading the United States (US) (Verkleij et al. 1983; Ryan et al. 1991); a female dioecious
biotype (staminate and pistillate flowers on separate plants) and a monoecious biotype
(staminate and pistillate flowers on the same plant) (Cook and Liiond 1982). While they are
similar, the two biotypes have important differences which make their distinction imperative
for successful hydrilla management and control. Dioecious hydrilla is generally found in the
warm climate of the southern states while monoecious hydrilla is generally found in more
temperate climates (Netherland 1997). The monoecious biotype has become the dominant
hydrilla biotype found in the Mid-Atlantic States (Langeland 1996), and is continuing to
spread northward. Netherland (2012) called the continued spread of the monoecious biotype
of hydrilla into the northern tier ‘the most significant future research and management
challenge in aquatic plant management’. The distribution of the two biotypes of hydrilla

across the US is shown in Figure 1.

Hydrilla is known to be difficult to manage or control, and causes significant economic and
ecological damage across the US (Langeland 1996). What causes hydrilla to stand apart
from some similar species are its prolific vegetative reproductive structures and a well-

developed root system for carbohydrate storage. These perennial structures allow hydrilla to
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rapidly resprout and revegetate after control treatments or ecological stresses (Netherland,
1997; Owens & Madsen, 1998). Hydrilla produces both axillary turions and subterranean
turions, called tubers. Axillary turions are small compact buds that are green in color.
Tubers are produced on the terminal end of rhizomes, are larger than axillary turions, and
vary more in color, from white, gray, or black, to yellow or red depending on the sediment.
Hydrilla stem fragments with as little as one node or leaf whorls can also spread and form a

new plant (Langeland and Sutton 1980).

Examining an organism’s phenology, or dynamics of schedule of development, can lead to
increased understanding of what drives seasonal changes, and in turn lead to better weed
management solutions (Ghersa and Holt, 1995). While hydrilla is one of the most studied
aquatic weeds, the bulk of the research has been on the dioecious biotype. Much less
literature is available on the monoecious biotype. As far as the phenology of hydrilla goes,
many research trials have been conducted with dioecious hydrilla after removal from native
conditions, but fewer have been done in situ. Considerably less research is available
concerning in situ monoecious hydrilla biology and phenology. The ability to predict
propagule sprouting would allow managers to implement better control measures, possibly
decreasing herbicide use. The objective of this research was to gain a more thorough
understanding of the monoecious hydrilla seasonal life cycle, and to ultimately use findings

to aid the development and improvement of management plans.
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Materials and Methods

In April 2010, six monitoring stations were established in monoecious hydrilla infested areas.
Five spatially separated sites were established across the 42 km length of Lake Gaston, NC
and VA (8,100 ha), to enable sampling across a gradient of conditions. The sixth study
location was established on Lake Raleigh, on North Carolina State University’s Centennial
Campus, Raleigh, North Carolina. All six locations were selected to avoid any herbicide
applications for hydrilla management. Depth at each site was 1 to 1.5 m. On Lake Gaston,
fenced exclosures (Figure 2) were built at the sample points, to allow hydrilla to mature
without herbivory from grass carp. No grass carp have been historically stocked in Lake

Raleigh, therefore, an exclosure was not necessary.

Two HOBO Pendant® data loggers (Onset Computer Corporation, Bourne, MA ) were
placed at each location to record water temperature and light intensity values every six hours
throughout the year. Loggers were placed just above sediment and just below water level.
All sites were monitored biweekly until late fall 2010, after hydrilla senesced. On each
monitoring date, 20 soil cores were collected at each site using a modified version of the
method described by Sutton (1982), and sifted. Data collected included noting hydrilla life
stage and tuber and axillary turion density. In addition, tuber or axillary turion sprouting was
noted and length of sprout was measured. Stations were reestablished at the same points in
February of 2011 and 2012, and monitoring again continued biweekly until late fall of those
years. Two of the 5 sites on Lake Gaston were excluded from data analysis due to poor

hydrilla growth and an unplanned herbicide application. Data were combined over the
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remaining four sites over three years.

Results and Discussion

Monoecious hydrilla behaves as a herbaceous perennial in North Carolina and farther north,
as plant stands and fragments do not over winter. Spring regrowth is dependent on axillary
turions and tubers sprouting in the spring. In these two North Carolina lakes, axillary turion
sprouting was seen as early as mid-March and as late as mid-May. The sprouting of axillary
turions usually occurs prior to the sprouting of tubers in monoecious hydrilla (Spencer and
Ksander 2001), which correlates with our observations. Tubers began sprouting soon after
(about 2 weeks) the initiation of axillary turion sprouting. Sprouting tubers were found in
early April and continued for over four months until early to mid-August.  After
monoecious hydrilla tubers and axillary turions sprout, rapid growth occurs laterally, then
vertically. At all sites in 2010 to 2012 on Lake Gaston, and in 2010 on Lake Raleigh,
biomass increased and hydrilla stems reached the water surface (termed ‘topped-out”) by
mid-August. On Lake Raleigh in 2011 and 2012, monoecious hydrilla produced minimal
biomass, and it never topped-out. This may possibly have been caused by competition

between hydrilla and a dense population of Chara spp.

Monoecious hydrilla tuber and axillary turion production occurs during long-day
photoperiods in the summer. The first newly forming tubers were found in very early
August, but the majority of sites showed tuber formation occurring late in August, and

continued to be seen for 8 weeks until late October. Occasionally tuber formation continued
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until very early November.

Monoecious hydrilla may have been first documented within the US in 1980 (Haller 1982,
Steward et al. 1984). Harlan et al. (1985) first reported on the phenology of monoecious
hydrilla, and at the time of their research (1982-1983), the lakes studied were one of
northernmost known infestations. Harlan et al. (1985) reported tuber formation earlier and
for a longer time period than was found in our study; they saw tuber formation as early as
June, and through October. As the lakes that Harlan et al. studied were most likely recently
infested, monoecious hydrilla had most likely not met it’s carrying capacity as of yet. Lake
Gaston has had hydrilla since the 1980s, and has been heavily managed. The monoecious
hydrilla sites we studied in Lake Gaston in 2010 to 2012 most likely had a much greater
amount of intraspecific competition than in the bodies of water studied by Harlan et al. in the
early 1980s. This may have contributed to some differences in the reported phenology of

monoecious hydrilla.

Flowering occurred after tuber formation was initiated and usually lasted 4 to 6 weeks.
Flowers were first seen in mid-September, and continued to be present through late October,
or very early November. Both the staminate and pistillate form of monoecious hydrilla
flowers were present at all sites where we recorded floral initiation. On Lake Raleigh in
2011 and 2012, flowers were not produced. Fruit were produced at all sites on Lake Gaston.
Our flowering data differs again from Harlan et al (1985), as they reported floral initiation in

July, months earlier than we saw floral initiation on these two NC lakes in 2010 to 2012.
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Vandiver et al. (1982) found that monoecious hydrilla produced seed in May, in mesocosms
in Florida, while Conant et al. (1984) saw flowering in August, also in mesocosms in Florida.
Conant et al. (1984) saw fruit production in monoecious hydrilla, but not until December. In
NC and farther north, monoecious hydrilla would not have been able to produce fruit in
December, as it would have died back and be in its overwintering state (tubers and turions

only) by then.

Following a final burst of tuber production induced by short days, monoecious hydrilla
biomass declined and then broke away from the substrate. In late October and November we
observed large mats of monoecious hydrilla detached from the sediment and laden with
axillary turions. Mats loaded with axillary turions can shift locations with water flow, and in
turn move axillary turions to previously uninfested areas. Harlan et al. (1985) found the
majority of sprouting axillary turions in depths less than 0.5 m as a result of these mats
floating to the shore. In NC on the two lakes we monitored, monoecious hydrilla biomass

died back by late November and December and did not over winter.

Dioecious hydrilla in Florida displays distinct phonological differences to monoecious
hydrilla in NC (Figure 5). Axillary turions and tubers are produced in late fall through early
spring. Dioecious hydrilla turions and tubers sprout all year long (Sutton and Portier 1985).
Once sprouted, dioecious hydrilla displays rapid vertical growth and forms a dense canopy
when it reaches the water surface. This growth and biomass accumulation occurs throughout

the year in Florida, and unlike monoecious hydrilla, dioecious plants overwinter (Figure 5).
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Water temperatures and light intensity readings at all sights displayed expected seasonal
changes, however light intensity data was quite variable. When monoecious hydrilla formed
a dense canopy, our data loggers were collecting very little, if any photosynthetically active
radiation (PAR) due to shading. Also, algae, sediment, and other biofilms often coated the
data loggers, intercepting light. Maximum PAR when turions and tubers were sprouting was
286 and 846 umol/s/m2, respectively (Table 1). Maximum PAR values when new tubers
were forming was 385 pmol/s/m2 (Table 1). The maximum PAR value collected after floral
initiation was only 12 pmol/s/m2 (Table 1). Minimum PAR values were 0 for all life stages
at all study locations. Water temperatures collected just above the soil surface ranged from
11.5-24.5°C when turions were sprouting, with a mean of 17°C (Table 2). Water
temperatures ranged from 16.1 to 35°C when tubers were sprouting, with a mean temperature
of 26.2°C (Table 2). The range of temperatures when newly formed tubers were found was
from 3 to 32.2°C, with a mean of 24.2°C (Table 2). Flowers were present at a range of 13.7

to 27.4°C, with a mean of 21.5°C (Table 2).

Monoecious hydrilla persists because of underground vegetative propagules. It has been
speculated that axillary turions are a significant source of reproduction and dispersion for
monoecious hydrilla, however in situ research to prove this is lacking. Tubers have a greater
production window, as shown by our research, and tubers produce more competitive plants
than do axillary turions (Spencer & Ksander 1991). Axillary turions are more mobile than
tubers via floating mats, water flow, and herbivory. Axillary turions may not necessarily be

placed in favorable locations, while tubers are produced and placed in an area that has
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already shown to be favorable for hydrilla growth and reproduction.

Treatment timing is critical for long term hydrilla management. The ideal treatment would
eliminate hydrilla biomass between the end of tuber sprouting and the beginning of tuber
formation. Sprouting tubers were found at > 75% of our research sites through late June in
2010 and 2011, and in mid-June in 2012 (Figure 6). Newly formed tubers were found at
>50% of our research sites starting in mid-August in 2010 to 2012 (Figure 6). Thereis a
short window of time where the majority of tubers that are going to sprout in a given year
have already sprouted, but tuber formation has not begun in earnest. This window occurs
from mid to late June through early to mid-August in these two North Carolina lakes (Figure
6). This window may be similar in other areas of monoecious hydrilla infestation; In
Delaware in 1985, monoecious hydrilla tubers were found to sprout in mid-April (Miller,
1988), which is similar to what we found in NC. It is imperative for long-term hydrilla
management plans to consider this window and time herbicide applications accordingly.
Eliminating hydrilla biomass before monoecious hydrilla has started to produce new tubers is

absolutely critical for management.
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Figure 1. Distribution of two different biotypes of hydrilla found in the US. Reprinted with

permission from Nawrocki (2013).
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Figure 2. Example of fenced exclosures that were constructed at each study location on

Lake Gaston.
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Table 1. Maximum PAR levels collected at four different life stages of monoecious hydrilla.

Life Stage Maximum PAR
(umol/s/m?)
Sprouting Turions 286
Sprouting Tubers 846
Forming Tubers 385
Flowering 12

Table 2. Mean, Minimum, and Maximum water temperatures collected at four different life

stages of monoecious hydrilla.

Life Stage Water Temperature (°C)
Mean Max Min

Sprouting Turions 17 24.5 115
Sprouting Tubers 26.2 35 16.1
Tubers Forming 24.2 32.3 3.0
Flowering 21.5 27.4 13.7
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CHAPTER 3

Competition of Monoecious Hydrilla with Four Other Submersed Macrophytes
Introduction
Hydrilla verticillata (L.f.) Royle (hydrilla) is an aggressive, opportunistic, nuisance species in
the Hydrocharitaceae family that has spread from its native Asia to every continent except
Antarctica (Cook and Luond 1982; Pieterse 1981). In the US, both a female dioecious
biotype (staminate and pistillate flowers on separate plants) and a monoecious biotype
(staminate and pistillate flowers on the same plant) of hydrilla have become naturalized
(Cook and Luond 1982). Optimal growth and survival for the dioecious type is found in
warmer climates, while the monoecious form is better suited for more temperate climates
with lower temperatures and shorter growing seasons (Ames et al. 1986; Van 1989; Madeira
et al. 2000; Netherland 1997; Steward et al. 1987). Dioecious hydrilla typically thrives all
year in the warm waters of the southern US, while monoecious hydrilla dies back completely
in the winter and acts as an herbaceous perennial (Harlan et al. 1985). Monoecious hydrilla
is the predominant biotype found in North Carolina and regions to the north. In the past three
years, monoecious hydrilla has spread to several previously uninfested states in the Midwest
and Northeast. Langeland (1996) suggested that monoecious hydrilla could spread as far

north as southern Canada, based on its range in Europe.

Plant competition is a significant factor in species distribution in aquatic plant communities.

Hydrilla has several characteristics that create a competitive advantage over native

freshwater plants. Hydrilla can grow in as little as 1% of full sunlight due to its low light and
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carbon dioxide compensation points (Van et al. 1976). It reproduces by a variety of methods
including fragmentation, stolons, turions, and occasionally seed (Arias et al. 2005; Langeland
and Smith 1984; Langeland and Sutton 1980; Sutton et al. 1992; Van and Steward 1990).
Hydrilla produces turions in the leaf axils, as well as subterraneanly. Axillary turions are
small compact buds that are green in color and detach upon maturity. Subterranean turions
are produced on the terminal end of rhizomes and are larger with more color variance. They
can range from white to yellow, or black and gray to red depending on the sediment. They
are often referred to as tubers, although tubers and turions are distinct structures. Tubers may
exceed 6,000 tubers per m2 (Sutton et al. 1992) and can remain dormant and viable for more

than 5 years in sediment (Van and Steward 1990).

Eurasian watermilfoil (Myriophyllum spicatum L.), a monoecious perennial dicotyledon, is
an invasive aquatic plant in the Haloragaceae family. It was introduced into North America
by at least the 1880’s, and has since become one of the most problematic aquatic weed
species in the US and southern Canada (Couch and Nelson 1985; Reed 1977; Smith and
Barko 1990). It can grow in water depths up to 10 m, but most often found in 1to 4 m
depths (Aiken et al. 1979, Nichols and Shaw 1986). M. spicatum has finely dissected
whorled leaves, and profusely branching stems at the water surface (Aiken et al. 1979). The

biology of M. spicatum has been described in detail by Aiken et al. (1979).

Another highly invasive plant, curly leaf pondweed (Potamogeton crispus L.), of the

Potamogetonaceae family, is a rhizomatous monocotyledon with crisped, undulated leaves
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when mature (Godfrey and Wooten 1979). It was first documented in the US near
Wilmington, DE in 1859 (Nichols and Shaw 1986), and has since invaded nearly all of the
lower 48 states (Stuckey 1979). P. crispus produces winter buds, or turions, on the leaf axils
and stem tips. Bolduan et al. (1994) present a comprehensive review on P. crispus

introduction and biology.

Elodea canadensis Michx. is a dioecious perennial that is native to North America, and is
often found in depths of 4-8 m (Nichols and Shaw 1986). It has linear to oblong leaves in
whorls of 3-7 (Godfrey and Wooten 1979). Also in the Hydrocharitaceae family, this plant
appears similar to, and is often confused with, hydrilla. Vallisneria americana Michx. is
another native dioecious perennial in the Hydrocharitaceae family. It’s regularly called eel
grass or tape grass due to its long (up to 2 m) ribbon-like leaves that arise in clusters from its
roots and can be submerged or floating (Godfrey and Wooten 1979). V. americana grows in

depths up to 7 m (Korschgen and Green 1988).

As hydrilla progresses further north in the US, it will have to compete with a broader range
of both native and invasive plant species. The objective of this research was to assess the
potential of monoecious hydrilla to invade existing aquatic plant communities. The
invasiveness, or competitive ability, of monoecious hydrilla was examined through the
introduction of sprouted tubers into established stands of its potential competitors, the
submersed macrophytes E. canadensis, P. crispus, V. americana, and M. spicatum.

Competitive interactions were evaluated by biomass accumulation and tuber/turion
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production. Using this information, we can infer the implications of the introduction of
monoecious hydrilla into a water body where one of these competitor species is currently

established.

Materials and Methods

The experiments were conducted outdoors on North Carolina State University’s Reedy Creek
Research Farm in Raleigh, North Carolina. Plastic tanks (110 L; US Plastic Corp, Lima,
Ohio) of pond water were placed under a 70% shade cover to keep water temperature cool.
Water temperature and light intensity was measured daily with a HOBO Pendant® data
logger (Onset Computer Corporation, Bourne, MA ). All competing plant species were
propagated in fall 2010 and established in separate 3.5 liter buckets of pond water in a
glasshouse, and then moved to outdoor mesocosms to mature. Plant material was collected
locally or purchased from an aquatic plant dealer (Carolina Biological, Burlington, NC).
Monoecious hydrilla tubers were collected from Lake Gaston, NC and VA. In March 2011,
plants were transferred to single large pots within tanks, with a 10 cm depth of sterilized soil
collected from Lake Gaston, NC and VA. A 3 cm top-layer of pure sand was added to
discourage algae growth. Plants were allowed to grow under ambient conditions all season,

and 50% of tank water was replaced with fresh pond water every two weeks.

Competition treatments included: 1) all competing plant species alone at two different

densities of 2 or 4 plants to a tank; and 2) all competing plant species in combination with

two different hydrilla introduction timings of mid-April and mid-June, for a total of 26
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treatments. Hydrilla was introduced by planting two sprouted monoecious hydrilla tubers in
the pots within the tanks. Tubers were placed in refrigerated storage until needed, and then
placed in pond water filled jars in a glasshouse 1 week prior to introduction, for sprouting.
Treatments were replicated 3 times and arranged in a randomized complete block design.
Stem lengths of the longest shoot, as well as percent coverage of each plant were measured
initially, and biweekly through September. On 10/2/11, all plant biomass was rinsed and
harvested. Harvested biomass was separated by species, keeping root and shoot mass
separate. Vegetative reproductive structures were collected and counted when present for
treatments containing hydrilla (tubers and turions) and P. crispus (turions). Harvested root
and shoot tissue was then dried at 65° C for 72 hours, and weighed. This study was repeated

in 2012.

Data were analyzed using JMP IN statistical software (SAS Institute Inc., Cary, North
Carolina) (Sall and Lehman 1996). Plant dry weights and tuber count data were subjected to

analysis of variance and means were separated using Fisher’s Protected LSD (P<0.05).

Results and Discussion

Monoecious hydrilla was able to establish itself among all four species tested, at both
densities and both introduction timings. Introduction of monoecious hydrilla suppressed
biomass dry weight of all species tested at both timings (Figure 1). The early introduction of
hydrilla significantly reduced the mean biomass dry weight for all four plant species, while

only E. canadensis biomass was significantly reduced after the late introduction of hydrilla
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(Figure 1). E. canadensis produced the greatest biomass of the four competitor plant species

tested, and M. spicatum produced the lowest biomass.

Hydrilla biomass was significantly greater from early introductions than late introductions
with P. crispus and E. canadensis (Table 1). Hofstra et al. (1999) also found monoecious
hydrilla growth in outdoor tanks to be greater when planted close to the same time as
competitor species than if the competitor was given more time to establish before hydrilla

introduction.

Initial density of competing plant species had no significant effect on competing plant
biomass (data not shown). Density of competing plant species also had no significant effect
on hydrilla biomass, hydrilla tuber production, or P. crispus turion production (data not
shown). We can assume that due to the size of our tanks, competitor plants met carrying

capacity early on, therefore, initial density was not a significant factor in this experiment.

Steward (1991b) examined monoecious hydrilla in competition with V. americana, and found
that monoecious hydrilla biomass was on average 45% higher when grown with V.
americana in mesocosms, than when grown alone. This was not the case in this study. With
the early introduction of hydrilla, P. crispus produced the greatest amount of biomass, but

with the late introduction, hydrilla alone produced the most biomass (Figure 1; Table 1).

Monoecious hydrilla grown alone, and in competition with E. canadensis, M. spicatum, P.
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crispus, and V. americana produced at least 17 tubers per m2 (Table 1). The early
introduction of hydrilla produced more tubers than the late introduction for all species except
V. americana, however, timing of hydrilla introduction had no significant effect on hydrilla
tuber and turion production (data not shown). Hydrilla alone produced the greatest amount
of tubers, although it was not significantly greater than tuber production in treatments with
M. spicatum. Treatments that contained P. crispus, V. americana, and E. canadensis all
significantly reduced the number of hydrilla tubers produced. E. canadensis competition
with hydrilla had the greatest impact on tuber production, decreasing from 72.8 for hydrilla
alone, to 17.0 tubers/m2 when grown in competition with E. canadensis (Table 1). Spencer
and Rejmanek (1989) also showed that although tubers were more competitive than turions,
both turions and tubers of monoecious hydrilla were capable of growing and producing

tubers in established aquatic plant beds.

As each tank only had the introduction of two tubers, and treatments of hydrilla without
competition produced a mean of 72.8 tubers per m2, each introduced sprouted tuber
produced an average of approximately 36 new tubers per square meter, in one season.
Monoecious hydrilla tubers have been found in densities of over 3000 tubers per m2 in North

Carolina (Nawrocki 2011).

The differences in plant species’ growth habit must be considered when comparing

competitive ability. While the plants involved in this study are all submersed, their biomass

dominates different depths of the water column. In a trial reported by Titus and Adams
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(1979), M. spicatum had 68% of its shoot biomass within 30 cm of the surface, and V.
americana had 62% of its shoot biomass within 30 cm of the sediment/water interface.
Haller and Sutton (1975) reported that when grown in competition, V. americana produced
much more root tissue than dioecious hydrilla (40% vs. 13% of total biomass produced,
respectively). Van et al. (1998), however, reported that dioecious hydrilla was a stronger

competitor than V. americana.

Titus and Stephens (1983) showed that V. americana will produce longer leaves instead of
vegetative multiplication and lateral spread when in competition. V. americana’s single
meristem is located at the base of the plant. Hydrilla’s dominant meristem is located at the
shoot apex, however each axil contains meristematic tissue also. This helps hydrilla with

lateral spread and spread through fragmentation.

Dioecious male hydrilla has been shown to grow competitively with E. canadensis in flowing
systems, like streams and waterways, in New Zealand (Hofstra et al. 2010). While there is
no other research showing hydrilla’s competitive ability against P. crispus, Spencer and
Ksander (2000) showed the strong competitive ability of monoecious hydrilla mixed with
another Potamogeton, P. nodosus (Poir.). Haller and Sutton (1975) suggest that dioecious
hydrilla’s canopy is the major factor limiting competition from other species. Monoecious
hydrilla has a different growth habit compared to dioecious hydrilla, and while it does
produce a canopy, it does so less rapidly than dioecious hydrilla. Monoecious hydrilla may

be even more competitive with P. crispus than this study suggests. While P. crispus usually

65



dies back in July, in our study it lasted much longer than expected, with some biomass lasting
until harvested time in October. Spencer and Ksander (2000) examined competition between
monoecious hydrilla and P. nodosus. In the eight week study, hydrilla grown from axillary
turions became established in P. nodosus beds of 300 or 600 plants per square meter, and
biomass of hydrilla shoots, roots, rhizomes, and tubers was unaffected by the species

(Spencer and Ksander 2000).

Gopal and Goel (1993) suggest that in aquatic ecosystems, plants with similar growth forms
who occupy the same position in the water column will display the most intense competition.
Hydrilla, E. canadensis and V. americana are all members of the Hydrocharitaceae family,
but in this study, hydrilla and E. canadensis have the most similar growth forms. E.
canadensis had the greatest impact on hydrilla tuber production as well as hydrilla biomass

accumulation in the late introduction treatment (Table 1).

These data were collected from a controlled mesocosm experiment without typical
environmental disturbances that would be present in a field setting. Factors such as water
quality fluctuations, herbivory, wave action, dynamic water levels, etc. were not included in
this trial. Chadwell and Engelhardt (2007) reported that while monoecious hydrilla
establishment was inhibited by previous colonies of V. americana in greenhouse trials, the
same was not true in field trials. Smith and Barko (1990) suggest that disturbances can speed
the establishment of M. spicatum. Van et al. (1998) showed that insect herbivory on

dioecious hydrilla significantly decreased its competitive ability with V. americana. V.
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americana plants that were exposed to wave action (to mimic a boat’s wake) accumulated
50% less biomass than undisturbed controls, with significantly shorter leaves and fewer

daughter plants (Doyle 2001).

Barrat-Segretain (2005) suggests the spatial pattern and developmental stage of a native
species may have an effect on the competitive ability of invasive species. Varying
overwintering and spring regrowth strategies of the competitor plants tested would likely lead
to different results if the study was prolonged over several growing seasons, and the
increased hydrilla tuber density may lead to hydrilla dominance over time. P. crispus and
M. spicatum have somewhat similar growth patterns, as both overwinter and display rapid
growth in the early spring. These plants have a potential competitive advantage due to cool
season growth of M. spicatum overwintering in an evergreen form, and P. crispus turions

germinating very early in the spring.

Spencer and Rejmanek (1989) suggest that monoecious hydrilla will coexist with resident
plant species for a period of time, but over time hydrilla will displace resident macrophytes
as the tuber bank increases and hydrilla biomass grown from sprouting tubers increases.
Future research should examine monoecious hydrilla’s competitive ability in field settings of

established plant beds, and examine multiple season competitive capacity.

Results show that monoecious hydrilla introductions, and especially those that occur early in

the season, are more of a threat to plant biomass in areas without highly established plant
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communities. While tuber production was affected by competing plant species, monoecious
hydrilla was able to produce tubers in all treatments. Spencer and Rejmanek (1989) also
showed that although tubers were more competitive than turions, both turions and tubers of
monoecious hydrilla were capable of growing and producing tubers in established aquatic
plant beds. These results match claims that monoecious hydrilla can outcompete native plant

species due to its aggressive vegetative propagule production.
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Figure 1. Line drawing of Hydrilla verticillata.
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Figure 2. Line drawing of Vallisneria americana.
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Figure 3. Line drawing of Potamogeton crispus. Myriophyllum spicatum.
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Figure 4. Line drawing of Elodea canadensis. Copyright property of the Conservation
Commission of the State of Missouri. From: Water Plants for Missouri Ponds.

78



Myriophyllum spicatum )
Eurasian water milfoil

tiustration provided by:
IFAS, Center for Aquatic Plapts
University of Florida, Gainesville, 1990

Figure 5. Line drawing of Myriophyllum spicatum.
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Figure 6. Mean total plant biomass dry weight in grams of four competitor species with no

introduction of hydrilla, compared to the early and late introduction of hydrilla. Bars not

followed by the same letter are significantly different, among species.
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Table 1. *Mean monoecious hydrilla tubers produced in one season, for hydrilla grown alone

and in competition with four other submersed macrophytes. Values not followed by the

same letter are significantly different. “Mean total hydrilla biomass dry weight in grams for

an early and late introduction of hydrilla, grown alone and in competition with each of four

competitor species. Values not followed by the same letter are significantly different among

species.
Competitor Tuber Introduction Time?
Plant Production® Early Late
tubers/m? dry weight (g)
E. canadensis 17 d 8.8 a 2.4 b
M. spicatum 534 ab 11.6 a 8.3 a
P. crispus 37.9 bc 17.1 a 94 b
V. americana 19.6 cd 12.9 a 8.2 a
None 72.8 a 155 a 145 a
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Table 2. Mean P. crispus turions, and mean shoot biomass dry weight of P. crispus, E.
canadensis, M. spicatum, and V. americana, with no introduction of hydrilla, compared to
the early and late introduction of hydrilla. Values not followed by the same letter are
significantly different, among species.

Hydrilla P. crispus E. canadensis M. spicatum V. americana

Introduction Turions  dry weight -dry weight-------------=--—-o-o—-
Turions/m? g-- -

None 1058 a 8.7 a 234 a 4.1 a 11 a

Early 172 b 29 b 12.3 b 0.7 b 5.6 b

Late 1075 a 69 a 17.4 b 1.8 ab 10.4 a

Table 3. Mean root biomass dry weight of of P. crispus, E. canadensis, M. spicatum, and V.

americana, with no introduction of hydrilla, compared to the early and late introduction of
hydrilla. Values not followed by the same letter are significantly different, among species.

Hydrilla P. crispus E. M. V.
Introduction canadensis spicatum americana
—————————————————————————————— dry weight (g)-----
None 1.2 a 2.2 a 0.8 a 6.4 a
Early 0.4 a 0.8 b 0.3 a 2.1 b
Late 0.5 a 1.1 ab 0.8 a 53 ab
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CHAPTER 4

Penoxsulam Absorption and Translocation into Monoecious Hydrilla
Introduction
Hydrilla verticillata (L.f.) Royle (hydrilla) is a federally listed aquatic weed in the
Hydrocharitaceae family. It is difficult to manage, and causes significant economic and
ecological damage across the United States (US) (Langeland 1996). In the US, both a female
dioecious biotype (staminate and pistillate flowers on separate plants) and a monoecious
biotype (staminate and pistillate flowers on the same plant) of hydrilla have become
naturalized (Cook and Lu6nd 1982). Dioecious hydrilla typically thrives year-round in the
warm waters of the southern US, while monoecious hydrilla is found in more northern areas,

with complete dieback the winter, acting as a herbaceous perennial (Harlan et al. 1985).

There are currently only 14 herbicides labeled for aquatic use by the U.S. Environmental
Protection Agency (EPA). Of those fourteen, only eight are active on hydrilla, including
bispyribac-sodium, copper, diquat, endothall (dipotassium and dimethylalkylamine salts),
flumioxazin, fluridone, imazamox, and penoxsulam. With this limited selection of
herbicides, as well as their limited unique modes of action within plants, research must be
aimed at gaining a greater understanding of herbicide action in order to best use the available

tools for aquatic plant management.

Fluridone was used almost exclusively for many years in large-scale hydrilla management,

which lead to fluridone-resistant dioecious hydrilla in Florida (Michel et al. 2004). With the
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threat of losing fluridone and other herbicides as tools for hydrilla management, along with
the narrow range of chemical control options available for aquatic weed control, herbicide

combinations are being closely examined for new strategies.

Penoxsulam (2-(2,2-difluoroethoxy)--6-(trifluoromethyl-N-(5,8-dimethoxy[1,2,4]
triazolo[1,5-c]pyrimidin-2-yl))benzenesulfonamideis) is in the triazolopyrimidine herbicide
family. This class of herbicides acts through inhibition of acetolactate synthase (ALS) (also
known as acetohydroxyacid synthase (AHAS)), thereby blocking the biosynthesis of the
branched-chain amino acids valine, leucine and isoleucine. Penoxsulam has a broad
spectrum control of grasses and broadleaf weeds (Senseman 2007), and was registered in
2008 for use in aquatic environments. Penoxsulam is labeled to control 8 different
submersed aquatic weeds, including hydrilla, as well as emergent and floating aquatic weeds
(SePRO Corporation 2013). It is systemic xylem and phloem mobile herbicide that is
readily absorbed by leaves, shoots, and roots, and translocated to meristematic tissue within

plants (Senseman 2007).

Applying a slow-acting acetolactase synthase (ALS) inhibitor like penoxsulam in
combination with a contact herbicide with short exposure requirements, like endothall, may
improve hydrilla control while protecting against resistance. Preliminary laboratory and field
evaluations have shown that penoxsulam and endothall, when applied in combination,
decreased exposure requirements for penoxsulam, reduced endothall use rates for reduction

of hydrilla biomass, and increased duration of control compared to endothall alone (Heilman
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et al. 2009). Koschnick and Tarver (2009) also showed at least an additive effect with these
two herbicides in combination on dioecious hydrilla. Labeled rates of penoxsulam and
endothall applied in combination for control of submersed species are 5-40 ppb penoxsulam
plus 0.25-2.0 ppm endothall (SePRO Corporation 2013). This herbicide combination has
been gaining attention and is starting to be utilized in Florida (Netherland, 2011; personal
communication); however, the scientific literature describing the interaction between

penoxsulam and endothall is minimal.

Exploratory research is needed to better describe the activity of penoxsulam in hydrilla, and
to clarify the mechanism of action causing the beneficial results seen when it is combined
with endothall. The objective of this research was to examine the absorption and
translocation of the herbicide penoxsulam into monoecious hydrilla, when applied alone,
following a pretreatment with other herbicides, and in combination with endothall (3,6-

endoxohexahydrophthalic acid).

Materials and Methods

[Methodology adapted from Vassios et al. (2011).]

Absorption and Translocation of Penoxsulam

Sprouted monoecious hydrilla tubers were planted in sterilized soil collected from Lake
Gaston in 100 mL glass beakers. Plants were allowed to grow for 4 weeks in an aquarium
filled with deionized water with 25% strength Hoagland’s solution (Hoagland and Arnon

1950), with average water temperature 22°C and a 14 hour day 10 hour night light schedule.
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Before treatment, plants were removed from the aquarium and a thin layer of 1% agarose gel
(Fisher Scientific) was poured onto the soil surface of each plant, separating the above and
below ground plant parts. Plants were then transferred into 4 L glass tanks filled with the

same water mixture and placed under the same growing conditions.

Tanks were treated with 14C-penoxsulam, at 20 ppb, confirmed by water samples taken 6
hours after treatment (HAT). Three plants were harvested at 6, 12, 24, 48, 96, and 192 HAT.
Harvesting included separating the above soil biomass from the below soil biomass. Plants
were dried for 48 hours at 60 C, weighed, and biomass was recorded. Plants were then
oxidized using a biological material oxidizer (OX500, R. J. Harvey Instrument Co.) and
radioactivity was quantified using liquid scintillation spectroscopy (LSS; Packard 2500R,
PerkinElmer). Absorption and translocation was then converted to dpm/mg dry weight of

plant tissue.

Absorption and Translocation of Penoxsulam Following Pretreatments

Another set of plants prepared the same way as previously described, were pretreated with
selected herbicides prior to treatment with 20 ppb 14C- penoxsulam. Prepared monoecious
hydrilla plants were placed 4 L glass tanks of deionized water with 25% strength Hoagland’s
solution, and exposed to 2.5 ppm endothall, 0.75 ppm copper, or 0.5 ppm diquat for 24 hours
before treating with 14C-penoxsulam. Other prepared hydrilla plants were exposed to 10 ppb
fluridone, 100 ppb imazamox, or 20 ppm triclopyr for 48 hours before 14C-penoxsulam

treatment. Once pretreatment timing was complete, plants were transferred into 4 L glass
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tanks filled with fresh deionized water with 25% strength Hoagland’s solution, placed under
the same growing conditions, and treated with 20 ppb 14C-penoxsulam. Three plants from
each pretreatment were harvested 48 HAT with 14C-penoxsulam. Harvesting and data

collection was the same as described above.

Absorption of Penoxsulam when Co-applied with Endothall

A final experiment was established with similar methods to determine the effect of a co-
application of endothall on penoxsulam absorption. In addition to treatments of 20 ppb 14C-
penoxsulam alone, combination treatments of 20 ppb 14C-penoxsulam plus 1000 ppb
endothall were applied to tanks containing monoecious hydrilla plants. Plants were

harvested and processed as mentioned previously.

Each study was repeated once in time. Data were analyzed using JMP IN statistical software
(SAS Institute Inc., Cary, North Carolina) (Sall and Lehman 1996). Penoxsulam absorption
over time was subjected to regression analysis using a logistic equation to plot uptake over
time. Standard error was calculated for means from the pre-treatment experiments and
penoxsulam + endothall combination experiments. Plant DPM/mg dry weight data were
subjected to analysis of variance and means were separated using Fisher’s Protected LSD

(P<0.05).

Results and Discussion

Absorption and Translocation of Penoxsulam
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Penoxsulam absorption increased with time out to 196 HAT; however, most absorption
occurred prior to 48 HAT (Figure 1). Significantly more penoxsulam (~80%) remained in
above ground tissue than was translocated to below ground tissue (~20%). Vassios et al.
(2011) examined the absorption of another ALS-inhibiting herbicide, imazamox in Eurasian
watermilfoil (Myriophyllum spicatum L.). Their results indicated that half of the imazamox
absorption occured in the first 24 HAT, and the remaining absorption occurred over the next

48 HAT (Vassios et al. 2011).

Absorption and Translocation of Penoxsulam Following Pretreatments

Herbicides applied prior to penoxsulam did not reduce penoxsulam absorption into above
ground tissue from that of the no pretreatment control with the exception of triclopyr (Table
1). Pretreatment with endothall did result in greater absorption into above ground tissue than
pretreatment with diquat, fluridone, or triclopyr. Penoxsulam translocation to below ground
tissue was lower with any pretreatment than from no pretreatment. Total penoxsulam
recovered from plants was numerically greatest with the endothall pretreatment, although this
did not differ from no pretreatment. Pretreatment with diquat, fluridone, or triclopyr reduced
penoxsulam recovery in plant tissue as compared to no pretreatment or endothall

pretreatment.

Absorption of Penoxsulam when Co-applied with Endothall

Penoxsulam absorption increased with time to 192 hours for both penoxsulam alone and

penoxsulam + endothall treatments. For the plants treated with 14C penoxsulam alone, the
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majority (>60%) of 14C penoxsulam was absorbed within 12 hours; for plants treated with
14C penoxsulam plus endothall the majority was absorbed by 96 hours. Plants treated with
penoxsulam alone had significantly higher levels of recovery than plants treated with 14C

penoxsulam plus endothall at 6, 12 and 48 HAT.

In conclusion, most penoxsulam absorption occurred prior to 48 hours after treatment when
applied alone. Penoxsulam absorption into monoecious hydrilla was inhibited by
pretreatment with diquat, fluridone, or triclopyr, but an endothall pretreatment did not
negatively affect penoxsulam absorption into shoots or total recovery, as compared to no
pretreatment. Penoxsulam absorption was higher when applied alone, than when applied in
combination with endothall at three of the harvest times, but overall there was no significant
difference in 14C penoxsulam absorption with or without a tandem application of endothall.
These results show that increased absorption of penoxsulam may not be the cause of the
increased efficacy seen when penoxsulam and endothall are applied in tandem. Future
research should examine other physiological effects this from this herbicide combination on
treated plants, to better describe the additive or synergistic activity seen in field and

mesocosm settings.
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Figure 1. Absorption and translocation of **C penoxsulam into foliage, roots, and total
biomass during a 196-h time span.



Table 1. Main effect of herbicide pre-treatment on penoxsulam absorption and translocation
into monoecious hydrilla.

Monoecious hydrilla portion

Pretreatment Above soil  Below soil Total
-------- DPM per mg dry weight --------
None 453 +5.1 8.8%2.0 541+5.1
Copper 497+52 45+04* 52.0+5.5
Diquat 38.0+6.0 3.99+1.7* 42.0+6.8*
Endothall 535+7.0 45+1.1*%* 58.0+7.9
Fluridone 36.1+5.2 2.6+x0.6* 38.7+5.8*
Imazamox 426+6.1 42+2.0* 46.7+7.6
Triclopyr 347+49* 45+2.0* 39.3+5.2*

"Levels with an * are significantly lower than no-pretreatment, within column.

Table 2. The main effect of harvest time on mean **C penoxsulam recovered from
monoecious hydrilla with and without endothall.

Treatment

HAT? Penoxsulam Penoxsulam + Endothall

6* B 36.8%4.7 D 6.9+1.7
12* AB 42.1+10.5 CD 9.2+75
24 AB 40.7+2.38 BCD 28.8+6.4
48* AB 541+%51 BCD 21.4+4.2
96 AB 59.3%8.5 AB 37974
192 A 658+54 A 584+4.1

"Hours after treatment
?Levels not connected by the same letter are statistically different, within column.
3Levels followed by an * are statistically different within row.
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CHAPTER 5

Metabolic profiles of monoecious hydrilla treated with penoxsulam and endothall
Introduction
The submersed aquatic plant Hydrilla verticillata (L.f.) Royle is an aggressive, opportunistic,
nuisance species in the Hydrocharitaceae family that has spread from its native Asia to every
continent except Antarctica (Cook and Luond 1982, Pieterse 1981). Hydrilla is a federally
listed noxious weed, and has become one of the most expensive and difficult to manage
aquatic weeds in the United States. Of the 14 aquatic herbicides labeled by the U.S.
Environmental Protection Agency (EPA), only eight are active on hydrilla. These include
bispyribac-sodium, copper, diquat, endothall, flumioxazin, fluridone, imazamox, and
penoxsulam. With these limited chemical control tools, and the ongoing threat of herbicide
resistance, combinations of herbicides are continuing to be examined for aquatic weed

control.

Applying herbicides in combination may improve weed control while protecting against
resistance (Diggle et al. 2003). The slow-acting systemic herbicide penoxsulam (2-(2,2-
difluoroethoxy)--6-(trifluoromethyl-N-(5,8-dimethoxy[1,2,4] triazolo[1,5-c]pyrimidin-2-
yl))benzenesulfonamideis) and the contact herbicide endothall endothall (3,6-
endoxohexahydrophthalic acid) are one such combination. Penoxsulam is in the
triazolopyrimidine herbicide family. This class of herbicides acts through inhibition of
acetolactate synthase (ALS) (also known as acetohydroxyacid synthase (AHAS)), thereby

blocking the biosynthesis of the branched-chain amino acids valine, leucine and isoleucine.
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Endothall was first reported to have herbicidal properties by Tischler et al. in 1951. Since
then, it has been reported to inhibit the serine/threonine plant protein phosphatases 1 (PP1)
and 2A (PP2A) (Ayadin et al. 2000). Laboratory and field evaluations have shown that
penoxsulam and endothall, when applied in combination, decreased exposure requirements
for penoxsulam, reduced endothall use rates for reduction of hydrilla biomass, and increased
duration of control compared to endothall alone (Heilman et al. 2009). Koschnick and
Tarver (2009) showed at least an additive effect with these two herbicides in combination on
dioecious hydrilla. Meadows and Richardson (2011) indicated that an endothall pretreatment
increased penoxsulam absorption by hydrilla, while a diquat and fluridone pretreatment

decreased penoxsulam absorbtion.

Metabolite profiling is a relatively new, but fast-growing and useful diagnostic technique in
herbicidal mode of action research. The goal of metabolomics is the identification of links
between genotypes and phenotypes. The examination of patterns in the metabolome of
untreated plants as well as those treated with various herbicides with unique modes of action,
can lead to better clarification of herbicidal mode of action (Trenkamp et al. 2009). To
further examine the penoxsulam-endothall combination, and to assess the effects of herbicide
exposure on hydrilla, metabolic profiling was employed in this study. Two mass
spectrometry (MS) analytical platforms were utilized to provide comprehensive metabolite
coverage. Global profiling of small molecule metabolites (< 1000 Da.) was conducted using
ultra-performance liquid chromatography quadrupole-time-of-flight mass spectrometry

(UPLC-QTOF-MS) and gas chromatography time-of-flight mass spectrometry (GC-TOF-
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MS).

Materials and Methods

Sample Preparation

Monoecious hydrilla shoot tips collected from Lake Waccamaw, NC and sprouted tubers
collected from Lake Gaston, NC were planted in 4 inch pots in sterilized lake soil. Potted
plants were placed in 15 liter buckets (US Plastic Corp, Lima, Ohio) of pond water and
allowed to mature in a glasshouse, located at North Carolina State University’s Weed Control
Annex in Raleigh, NC, for 1 month. Plants were all in vegetative growth stage, not
displaying reproductive growth. Plants were treated with 15 ppb penoxsulam, 1 ppm
endothall, or a combination of the two herbicides at the same rates. Endothall was
formulated as Aquathol K® (4.23 Ib/gallon dipotassium salt; or 3 Ib/gallon a.e.; United
Phosphorus Inc., King of Prussia, PA); penoxsulam was formulated as Galleon SC® (2
Ib/gallon active ingredient; SePRO Corporation, Carmel, IN). An untreated control was also
included. Treatments were replicated four times and arranged in a completely randomized
design. One week after treatment, plant samples were harvested. Harvesting included
removing the top 0.5 cm of the shoot tip, rinsing it, and immediately freezing with liquid
nitrogen. Each sample included approximately 50 tips. Plant samples were kept frozen at -

80°C until final preparation.

Harvested plant samples were sent to the David H. Murdock Research Institute (DHMRI) in

Kannapolis, NC for preparation and analysis. Sample preparation, sample analysis, and data
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analysis methods displayed below were developed by the DHMRI. First, samples were
lyophilized to dryness for 36 h. After lyophilization, samples were ground to a fine powder
using a mortar and pestle, and 10 mg of each sample was then put in a microcentrifuge tube

for extraction.

GC-TOF-MS

A two phase modified Folch extraction method was used for aqueous and nonpolar
metabolite extraction. To each sample 800 pl acetonitrile, 600 ul H20, and 400 pul CHCI3
were added. The mixture was vortexed for approximately 2 minutes and then centrifuged at
14k rpm at 4°C for 15 min. The top and bottom layers were transferred to a glass GC-MS
vial. The hydrilla samples were further extracted with 400 ul CHCI3/CH3OH (2:1). The
mixture was again vortexed for 2 min and centrifuged at 14k rpm at 4°C for 15 min. The top
and bottom layers were again removed and added to the glass GC-MS vial. Finally, a 100 pl
aliquot of 0.4 mg/ml p-chlorophenylalanine and 0.5 mg/ml hepadecanoic acid in
CH3OH/CHCI3 (3:1) was added to each extract as an internal reference. Extracts were

stored at -80°C until derivatization for GC-MS analysis.

Prior to derivatization, the extracts were dried completely under a gentle flow of N2.
Subsequently, 100 ul methoxyamine in pyridine (20 mg/ml) was added to each vial. Vials
were vortexed and put in a heated block shaker for 90 min at 30°C at 1400 rpm. After
shaking, the samples were vortexed and sonicated for 10 min. Next, 100 ul of N-methyl-N-

(trimethylsilyl) trifluoroacetamide (MSTFA) was added to each vial. Vials were vortexed
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and put in a heated block shaker for 60 min at 70°C at 1400 rpm. After shaking, the samples
were vortexed and sonicated for 10 min. Samples were chilled at -20°C for 1 h and

transferred to GC-MS vials with glass inserts for analysis.

UPLC-QTOF-MS

To the 10 mg lyophilized and ground hydrilla samples in microcenrifuge tubes, one ml of
extraction solvent (75% acetonitrile with 0.1% formic acid) and 50 pl internal standard (50
ug/ml p-chlorophenylalanine in H20) solution were added. This mixture was sonicated for 5
min and vortexed for 10 s. The samples were centrifuged at 10,000 g at 4°C for 10 min
following which the supernatants were removed and dried under a gentle flow of N2. The

extracts were reconstituted in 250 ul of extraction solvent for UPLC-QTOF-MS analysis.

Standards and Solvents

Standards representing approximately 500 metabolites (Sigma-Aldrich, St. Louis, MO) were
previously purchased and analyzed on both mass spectrometry platforms to develop an in-
house metabolite library for compound identification and annotation.

Methanol (Optima LC-MS), acetonitrile (Optima LC-MS) and water (Optima LC/MS) were
purchased from Thermo Fisher Scientific (FairLawn, NJ). Leucine enkephalin solid (Waters
Corp., Milford, MA) was used to prepare a lockmass solution for the UPLC-QTOF-MS
system at 50 pg/ul in acetonitrile:water:formic acid (50:50:0.1, v/v/v) and a sodium formate
solution (0.05 M NaOH + 0.5% formic acid in 90:10 2-propanol: water, Waters Corp.,

Milford, MA) was used for instrument tuning and calibration. Internal standards including
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chlorophenylalanine and heptadecanoic acid were purchased from Sigma-Aldrich.
Methoxyamine was purchased from M.P. Biomedicals (Solon, OH). Anhydrous pyridine,
Methanolic HCI 0.5 N, and N,O-Bis(Trimethylsilyl)-Trifluoroacetamide (BSTFA, with 1%
Trimethylchlorosilane, TMCS) were purchased from Sigma-Aldrich. Chloroformate (HPLC

grade) and hexane were purchased from J.T. Baker (Mansfield, MA).

Instrument Settings and Data Processing

GC-TOF-MS

A Leco GC-TOF-MS (Leco Corporation, St. Joseph, MI) system, operated in electron
ionization mode with a 30 m Rxi 5MS GC column, was used for metabolite profiling. The
instrument settings are shown in Table 1.

Data files from the instrument were processed using ChromaTOF software (Leco
Corporation, St. Joseph, MI). Automated and manual peak picking, identification and
integration were performed and data were exported to an Excel (Microsoft Corporation,

Redmond, WA) spreadsheet for analysis.

UPLC-QTOF-MS

A UPLC-QTOF-MS system (ACQUITY UPLC-SYNAPT HDMS, Waters Corp., Milford,
MA) was used for global small-molecule metabolite profiling. The system was operated in
both electrospray ionization (ESI) positive and negative modes to provide comprehensive
coverage. The optimized instrument settings are described in Table 2. For ESI+ mode, the

mobile phases were 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B);
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for ESI- mode, the mobile phases were 10 mM ammonium fluoride in water (A) and

acetonitrile (B).

Data Processing

GC-MS and UPLC-MS data sets were combined prior to statistical analysis. For those
metabolites that were detected on both platforms, the data from the platform demonstrating
the lowest coefficient of variation across the replicates were selected for statistical analysis.
The combined data were mean-centered and scaled to unit variance for multivariate statistical
analysis. It was determined that the GC-MS spectral features of one of the control samples
were unsuitable for further analysis, likely due to poor chromatography, and thus, data from

this sample were excluded from further analysis.

Data derived from these experiments were subjected to both principal components analysis
(PCA) and orthogonal partial least squares— discriminant analysis (OPLS-DA). Principal
components analysis (PCA) is an unsupervised modeling method commonly used to detect
data outliers, clustering and classification trends without a priori knowledge of the sample
set. The principal components (PCs) that are derived from the data set are orthogonal to one
another and reflect reducing levels of the variation in the data set. Thus, the first principal
component (PC1) captures more variation than the second principal component (PC2), which
in turn, captures more variation than PC3, and so on. In this way, PCA significantly
decreases the number of variables (scores) required for representation of the data set and

allows for visualization of data clusters and outliers based on multiple variables in two- or
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three-dimensional space. Since metabolomics data sets generally contain complex biological
information mediated by environmental factors, it can be difficult to discriminate the effects
of one individual factor from broader biological information. Therefore, OPLS-DA was also

used for classification and identification of differently expressed metabolites.

OPLS-DA is a generalized multiple regression method that can deal with multiple collinear
X (spectral data) and Y (class) variables. This method serves two purposes: one is to
approximate X and Y, and the other is to model the relationship between them. Since this
method is able to maximize the separation between classes using a pre-defined approach, it is
widely used in the metabolomics field in order to handle the complex data sets generated
from a complicated biological matrix. In the current project, OPLS-DA was used to
discriminate the paired groups, e.g., control versus endothall treated hydrilla, so that the

variable (potential metabolites) differences could be more easily identified.

In PCA and OPLS-DA scores plots, each spatial dot in the K-dimensional space represents
an individual observation with color-coded grouping information. R2X and R2Y obtained
from PCA and OPLS-DA represents the fraction of the variance of X matrix and Y matrix
captured by the model, respectively, while Q2Y suggests the predictive accuracy of the
model. Cumulative values of R2X, R2Y and Q2Y close to 1 indicate an excellent model with
a reliable predictive ability. Those variables with variable influence on projection (VIP)
greater than 1.0 in PLS-DA modeling are considered significantly different between classes

in the SIMCA-P software. In this study, we used a more strict criterion i.e., VIP > 1.5 to
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select the differentially expressed metabolites.

All univariate calculations were performed using Excel (Microsoft Corporation, Redmond,
WA). Multivariate statistical analyses, (including principal components analysis (PCA) and
orthogonal partial least squares— discriminant analysis (OPLS-DA) were performed using

SIMCA-P 12.0.1+ (Umetrics, Umea, Sweden).

To validate the model against over-fitting, a built in 7-round cross-validation was carried out
with 1/7th of the data being excluded from the modeling in each round. Using this method,
the Y value for each subject was predicted using a model from which that subject was
excluded during the model building and all the predictions were collated. The resulting R2Y
provided an estimate of how well the model fits the Y data (herein classification information)
and Q2Y provided an estimate of how well the model predicted the Y data. The values of
R2Y and Q2Y approaching 1.0 indicate a reliable model with a satisfactory predictive ability.

Details regarding the OPLS-DA algorithm can be found at: www.umetrics.com.

Results and Discussion

One hundred and six distinct metabolic compounds were isolated from untreated and treated
monoecious hydrilla, with GC-TOF-MS and UPLC-QTOF-MS. Compounds isolated are
active in over 100 pathways within plant cells. All OPLS-DA models proved to be

statistically valid (Tables 3 and 4).
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Metabolic response of monoecious hydrilla to penoxsulam treatment.

Treatment of monoecious hydrilla with the ALS inhibitor penoxsulam resulted in a reduction
of valine, while isoleucine increased and leucine wasn’t detected. Figure 3 shows the
pathway that penoxsulam interrupts. Trenkamp et al. (2009) tested the metabolic changes
caused by another ALS-inhibiting herbicide, foramsulfuron (2-[[[[(4,6-dimethoxy-2-
pyrimidinyl) amino]carbonyl]amino] sulfonyl]-4-(formylamino)-N,N- dimethylbenzamide)
in Arabidopsis thaliana. Foramsulfuron is in the sulfonylurea herbicide family. The
branched chain amino acids isoleucine, leucine, and valine were all depleted in their study
(Trenkamp et al. 2009), however Tenkamp et al. (2009) observed changes over time within
24 hours, while in our study metabolite changes were examined at one point in time, one
week after treatment. Trenkamp et al. (2009) also found an increase in alanine, shikimate,
and aromatic amino acids, and conservative increases in sugars, glycine, asparagine, B-
alanine, lysine, glutamine, glutamate, GABA, proline, 5-hydroxy-proline, arginine,
putrescine, citrate, and citramalate.  In monoecious hydrilla treated with penoxsulam, we
also found an increase in glutamate and asparagine. Differentially expressed metabolites
found in penoxsulam treated hydrilla and compared to untreated hydrilla, with VIP >1.5, are
shown in Figure 4. The top six compounds that were increased after penoxsulam treatment
are all amino acids (pyroglutamate, serine, glutamate, threonine, isoleucine, and asparagine).
Threonic acid was also mildly increased, while guanine, myo-inositol, glycerol 3-phosphate,
methylmaleic acid, pyrophosphate, caffeic acid, propanoic acid, apigenin, and genistein were

decreased after treatment with penoxsulam.
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Metabolic response of monoecious hydrilla to endothall treatment.

Differentially expressed metabolites found in endothall treated hydrilla and compared to
untreated hydrilla, with VIP >1.5, are shown in Figure 5. After treatment with endothall,
glucose and aspartate decreased, along with cytosine, glycerol 3-phosphate, fructose, serine,
and benzonitrile. The compounds that increased with endothall treatment include a-
tocopherol, citrate, methyl benzoate, glycine, kaempferol, fisetin, and procyanidin B. The
three compunds that had the greatest increase after treatment with endothall were fisetin,

procyanidin B1, and kaempferol, which are all flavonoids.

Metabolic response of monoecious hydrilla to penoxsulam+endothall treatment.

The metabolic compounds found in penoxsulam+endothall treated hydrilla and compared to
untreated hydrilla, with VIP >1.5, are shown in Figure 6. There were many similarities to the
treatment with each herbicide alone. The flavonoids fisetin, procyanidin B1, and kaempferol
were all increased after treatment with the penoxsulam+endothall combination, as they were
with endothall-alone treatment. Asparagine was the most increased, as it was with the
penoxsulam treatment. Other compounds that were found to increase after treatment with the
combination include glutamate, citrate, pyroglutamate, threonine, aspartate, and a-tocopherol.
Compounds that decreased compared to the untreated, were glycerol 3-phosphate, myo-
inositol, glutaric acid, glucose, and ribitol. The amino acids aspartate, pyroglutamate,
glutamate, threonine, and asparagine were all increased, as they were in the penoxsulam
alone treatment. Ribitol and glutaric acid were the only compounds shown to have

significant increase or decrease after treatment with the combination, that were not found to
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be significant in either treatment alone. Ribitol is active in pentose and glucuronate
interconversions as well as riboflavin metabolism (Kanehisa and Goto 2000) (Figure 7).
Glutaric acid is active in the biosynthesis and metabolism of multiple compounds within
plant cells. Glycerol 3-phosphate is the only compound that was decreased in all three
treatments (Figures 4, 5, and 6). Glycerol 3-phosphate is active in glycerolipid metabolism

and glycolysis (Kanehisa and Goto 2000) (Figure 9).

Treatment with penoxsulam+endothall compared to penoxsulam alone (Figure 10) yielded
four significant metabolites that were not found to be significant when compared to the
untreated plants. These include an unknown sugar, 2(3H)-furanone, phthalic acid, and
mannopyranose. Phthalic acid is active in polycyclic aromatic hydrocarbon degradation

(Kanehisa and Goto 2000) (Figure 11).

Comparing the penoxsulam+endothall treatment to endothall alone (Figure 12) yielded three
compounds that were not found significant in any treatment as compared to the untreated
control. These include 3-palmitoyl-sn-glycerol, glucaric acid, and phenylalanine. Glucaric
acid is active in ascorbate and aldarate metabolism (Kanehisa and Goto 2000) (Figure 13).
Phenylalanine is active in numerous pathways within plant cells (Kanehisa and Goto 2000).
Citrate was increased with the combination treatment, compared to the untreated control,
penoxsulam alone, and endothall alone. This may suggest that the combination treatment has
more of an effect on the Citrate cycle (Figure 14) than either herbicide alone.

Threonine was increased with penoxsulam alone, with the combination, and with the
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combination as compared to endothall. This suggests that threonine is highly affected with
penoxsulam treatments, both when applied alone and in combination with endothall.
Threonine is active in the biosynthesis of valine, leucine, and isoleucine, which is the
pathway that ALS herbicides like penoxsulam are active upon (Figure 3). The amino acid
serine was increased with penoxsulam, decreased with endothall, and increased with the
combination as compared to endothall. Aspartate was decreased with endothall and
increased with the penoxsulam+endothall combination, and increased with the combination

as compared to endothall.

This study generated several statistically valid multivariate models describing the similarities
and differences in the metabolic profiles produced from monoecious hydrilla treated with
endothall, penoxsulam, and a combination of both herbicides. We found unique variations in
the metabolome seen when hydrilla was treated with both penoxsulam and endothall
together, which were not seen with the treatments of either herbicide alone. In order to better
clarify the mode of action of the herbicide combination, additional metabolomics studies are
recommended. A larger scale study that would evaluate metabolite changes over time after
exposure, examine multiple rates of penoxsulam and endothall, and test both monoecious and
dioecious hydrilla, would be beneficial and may yield additional metabolites and metabolic
changes that were not seen in our study. This may produce additional clues to the metabolic

effects of penoxsulam and endothall.
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Table 1. GC/MS intstrument settings.

GC

Column

Rxi-5MS (Crossbond ® 5% diphenyl/ 95%
dimethyl polysiloxane)

Column description (m)

30 m (length) x 250 um I.D., 0.25-um film
thickness

Oven program

80°C (2 min), 80—220°C (10 °C/min), 220—
240°C (5 °C/min), 240—290 °C (25 °C/min),
290°C (8 min)

Injection volume (pl) 1

Inlet temp (°C) 280

Inlet mode Splitless
Carrier gas Helium (99.9999%)
Constant flow rate (mL/min) ImL/min
Transfer interface temp (°C) 260

TOFMS

lonization mode

Electron impact

Electron energy (V) -70
Detector voltage (V) -1550
Source temp (°C) 210
Solvent delay (min) 41
Acquisition rate 20 spectrum/sec.
Mass range (Da) 40- 600
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Table 2. LC instrument settings.

UPLC
ACQUITY UPLC BEH C18 1.7 uM VanGuard pre-column (2.1x5
mm) and ACQUITY UPLC BEH C18 1.7 uM analytical column
Column (2.1x100 mm)
Column Temp (°C) 40+0.5
Sample Manager Temp (°C) 4+0.5

Gradient Conditions for ESI+ mode

0- 1 min (1-15% B), 1- 3 min (15- 50% B), 3 - 8 min (50 - 85%
B), 8- 10 min (85 - 100% B), 10- 11 min (100% B), 11- 11.5
min (100 - 1% B), 11.5 - 13 min (1% B)

Gradient Conditions for ESI- mode

0-1min (1-20% B), 1- 3 min (20- 60% B), 3 - 6 min (60 - 85%
B), 6- 8 min (85- 100% B), 8 - 11 min (100% B), 11 - 11.5 min
(100- 1% B), 11.5 - 13 min (1% B)

Flow Rate (mL/min) 0.4 SYNAPT HDMS
Capillary (kV) 3.2 (ESI+), 3.5 (ESI-)
Sampling Cone (V) 40
Extraction Cone (V) 4

Source Temp (°C) 120
Desolvation Temp (°C) 350
Desolvation Gas Flow (L/Hr) 650

Cone Gas (L/Hr) 50

Mass Range (Da) 50 - 1000

Lock Mass

Leucine Enkephalin [M+H]+ 556.2771 Da, [M-H]- 554.2615 Da
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Table 3. Model Parameters - Penoxsulam and Endothall alone.

Model Classes Components® R?Xam” R*Yam® Q*Yeum
PCA Control vs. Penoxsulam 2 0.528 \ \
OPLS-DA ' 1+1 0.491 0.953 0.523
PCA 2 0.489 \ \

Control vs. Endothall
OPLS-DA v 1+1 0435 0996  0.559
PCA 2 0.518 \ \
opLs.pa Cndothallvs. Penoxsulam ) 0393 0997 0.672

4Components required for a valid model and prediction; °R2Xcum , the cumultative sum of
squares (SS) of the entire X explained by all extracted components; “R?Y cum , the cimulative
SS of all the y-variables explained by the extracted components; “Q*Ycum , the cumulative
Q? for all the x-variables and y-variables for the extracted components. The values of R?Y
and Q%Y approaching 1.0 indicate a perfect model with a satisfactory predictive ability
(cross-validation), and values higher than 0.40 are considered satisfactory for modeling and
prediction. Here Q®Y>0.40 for all.
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Figure 1. Metabolic profiles of monoecious hydrilla treated with penoxsulam or endothall
alone from models in Table 3. PCA (left) and OPLS-DA (right) scores plots showing
metabolic class profile separation between untreated and penoxsulam treated plants (A and
B), untreated and endothall treated plants (C and D), and penoxsulam and endothall treated
plants (E and F).
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Table 4. Model Parameters - Penoxsulam and Endothall in combination.

Model Classes Components* RXam” R®Yeum® Q*Yeum
OPIID_(;-ADA Control vs. Penox. + Endo. 1 ; 1 0?;15853 0.9\81 0.7\08
OPFI’_CS:'-A\DA Penoxsulam vs. Penox. + Endo. 1 f_ 1 8451;?1 0.;)8 0.222
OPT_(;'-A\DA Endothall vs. Penox. + Endo. 1 i 1 gigi O.S;86 0?6

4Components required for a valid model and prediction; °R2Xcum , the cumultative sum of
squares (SS) of the entire X explained by all extracted components; “R?Y cum , the cimulative
SS of all the y-variables explained by the extracted components; “Q*Ycum , the cumulative
Q? for all the x-variables and y-variables for the extracted components. The values of R?Y
and Q%Y approaching 1.0 indicate a perfect model with a satisfactory predictive ability
(cross-validation), and values higher than 0.40 are considered satisfactory for modeling and
prediction. Here Q®Y>0.40 for all.
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Figure 2. Metabolic profiles of monoecious hydrilla treated with the penoxsulam + endothall
combination from models in Table 4. PCA (left) and OPLS-DA (right) scores plots showing
metabolic class profile separation between Control and Penoxsulam + Endothall treated
plants (A and B), Penoxsulam and Penoxsulam + Endothall treated plants (C and D), and
Endothall and Penoxsulam + Endothall treated plants (E and F).
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Figure 3. Pathway map showing valine, leucine, and isoleucine biosynthesis.
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Figure 4. Metabolic changes with VIP >1.5 following treatment with penoxsulam. The
graph shows the metabolites with samples to the left of the line are decreasing, and to
the right of the line are increasing. Data are the mean of four independent samples.
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Figure 5. Metabolic changes with VIP >1.5 following treatment with endothall. The graph
shows the metabolites with samples to the left of the line are decreasing, and to the right of

the line are increasing. Data are the mean of four independent samples.
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Figure 6. Metabolic changes with VIP >1.5 following treatment with endothall+penoxsulam.
The graph shows the metabolites with samples to the left of the line are decreasing, and to the

right of the line are increasing. Data are the mean of four independent samples.
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Figure 8. Pathway map showing glycerolipid metabolism.
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Figure 10. Metabolic differences with VIP >1.5 following treatment with
endothall+penoxsulam vs. penoxsulam alone. The graph shows the metabolites with
samples to the left of the line are decreasing, and to the right of the line are increasing.
Data are the mean of four independent samples.
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Figure 11. Pathway map showing polycyclic aromatic hydrocarbon degradation.

125



3-Palmitoyl-sn-Glycerol
Glycerol 3-phosphate
Glucaric Acid

Citrate

Fructose

Procyanidin B1
Serine
Pyroglutamate
Phenylalanine
Aspartate

Threonine
Glucopyranose
Glutamate

Isoleucine

Asparagine

0.1 1 10

Figure 12. Metabolic differences with VIP >1.5 following treatment with

endothall+penoxsulam vs. endothall alone. The graph shows the metabolites with samples to

the left of the line are decreasing, and to the right of the line are increasing. Data are the
mean of four independent samples.

126



Fructose and mannose —_
rmetaholisro ‘l
Amino sugar and |
rucleotide sugar metsbolism -l

I ABCORBATE AND ALDARATE METABOLISK | it stear and
nunleuﬁdggsugax metabolism

¥

O UDP-D-glueose

———) UDP-D-glucuronate

O
L-Gralactono-

: b
GDP-L-galastose Q5121310 FoEL ) S
321 |[24107
E‘;glucumm—
e

D-Calachromate ) L-Oalaciose-1PQ LGulose.1F o \—l--llmg1 110 ; i .

pyn-Inositol — D-Glucwonate v

L-Gulonate
O—m") El 20| D-Calactarats O
L-Chulose i

1,4 lactons 2
Ilonmodehyrdroascorbate
3 Debyim L-Threonate 11033
e O 111 10O Q Q)
Lfhreonate - L Ascorbaie 1323 L-Dehydroascotbate
1251
27169 111111
L-fscotate-6F
L-Hylulose-5P
3-Diehgrdro-
ow{5134C{513 0041185} Lgu]n%ﬁé?
D-Zylulose-5F L-Eibulose-5F
O .
3 Diehyrlro L gulonate i%u?nﬂm
000353 713042
(c) Kanehisa Lahoratories

2-Dehyrlro-3-deoxy
D—glucm ¥

2-Oxoglutarate

J-5-Hyrdroxy-
djuxuyp‘:lr?hguat

hedro-
Ux%-ambimab

L-Arshinose g— ——

l-____b. Fentose and glucuronate
MieICONVEISIONS

Figure 13. Pathway map showing ascorbate and alderate metabolism.

127



CITRATE CYCLE (TCA CYCLE) |

Glyrolysis [

Gliconeogenssis }

Fatty avid bineynthesis J————",

Y
|
( Fattyr acid elongation in rminchnndna}ﬂ' —_ -~|
|

Val, Leu & [le degradation ____“]
Fattyracid metsholista

Sl TieE
1241 {1241

LU

O
S-Succinyl- 3-Cathoxy-
cibgrlrolipoarnide-E 1.hydmx3¥pmpy1.m1ﬂ
O 1814 0

Dihytro- Lipoaride-E
]ipo?d“amié.e—E eyl
1273

00020 531412
{c) Kanehisa Laboratories

—_ === 2.3.1.12'—’0 0 Pynreate
Bretyl- Col - b e
Alanine, arpartate ard hp — — — lipoaruide-F
glutarate metabolism | O 1214
- | Dihyrdr - Lipoammide-E
Gl}ijauﬁ(sdh?e and dicathosrsdate |} — — i lipoaruide-E
rogtahdlistn
V{ L 2331 Citrate Isocitrate
11137 by »- 4213 O 4213 O,
{Oxalnacetate 2338 i conitits
41221
4136
(5)-Malate ©

2L

|
- o] Ascotbate and aldarate
metaholisrn

Llawine, as de and
glotarnate mpéaglgoljsm

|
™ ————0={ D-GIn & D-Glu metsbolism

|
|

[m———

Figure 14. Pathway map showing the citrate cycle.

128



APPENDICES

129



Appendix A

Monoecious Hydrilla Literature Review
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keys, the first to help distinguish the genus Elodea from its near relatives, and the second to
distinguish the species within Elodea. The distribution of the species of Elodea is described
along with their physiology, survival and dispersal. The economic importance and
management of the weed species of

Elodea are discussed and recommendations for control are made.
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germination of monoecious hydrilla propagules. Journal of Aquatic Plant
Management. 25: 54-57.
http://apms.org/wp/wp-content/uploads/2012/10/v25p54.pdf

Abstract: Salinity will be a major factor controlling the future distribution of hydrilla in the

Chesapeake Bay system because salinity affects germination of monoecious hydrilla

propagules (tubers and turions). Propagule germination and growth are reduced significantly

as salinity increases. 92 to 97% of hydrilla propagules germinated at salinities of 0 ppt, four

to 20 percent germinated at 5 to 9 ppt, and no germination occurred at salinities higher than 9

ppt. 92% of the propagules that were chilled continuously at 7 C for 42 days germinated

when they were planted, whereas propagules that had not been chilled failed to germinate.

Key words: Tubers, turions, hydrilla, salinity, temperature, germination.
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Chadwell, T. B. and K. A. Engelhardt. 2008. Effects of pre-existing submersed vegetation
and propagule pressure on the invasion success of Hydrilla verticillata. Journal of
Applied Ecology. 45(2): 515-523.

Abstract: With biological invasions causing widespread problems in ecosystems, methods to

curb the colonization success of invasive species are needed. The effective management of

invasive species will require an integrated approach that restores community structure and
ecosystem processes while controlling propagule pressure of non-native species. 2. We tested
the hypotheses that restoring native vegetation and minimizing propagule pressure of
invasive species slows the establishment of an invader. In field and greenhouse experiments,
we evaluated (i) the effects of a native submersed aquatic plant species, Vallisneria

americana, on the colonization success of a non-native species, Hydrilla verticillata; and (ii)

the effects of H. verticillata propagule density on its colonization success. 3. Results from the

greenhouse experiment showed that V. americana decreased H. verticillata colonization
through nutrient draw-down in the water column of closed mesocosms, although data from
the field experiment, located in a tidal freshwater region of Chesapeake Bay that is open to
nutrient fluxes, suggested that V. americana did not negatively impact H. verticillata

colonization. However, H. verticillata colonization was greater in a treatment of plastic V.

americana look-alikes, suggesting that the canopy of V. americana can physically capture H.

verticillata fragments. Thus pre-emption effects may be less clear in the field experiment

because of complex interactions between competitive and facilitative effects in combination
with continuous nutrient inputs from tides and rivers that do not allow nutrient draw-down to
levels experienced in the greenhouse. 4. Greenhouse and field tests differed in the timing,
duration and density of propagule inputs. However, irrespective of these differences,
propagule pressure of the invader affected colonization success except in situations when the
native species could draw-down nutrients in closed greenhouse mesocosms. In that case, no
propagules were able to colonize. 5. Synthesis and applications. We have shown that
reducing propagule pressure through targeted management should be considered to slow the
spread of invasive species. This, in combination with restoration of native species, may be
the best defence against non-native species invasion. Thus a combined strategy of targeted
control and promotion of native plant growth is likely to be the most sustainable and cost-
effective form of invasive species management.

Cook, C. D. K. and R. Li6nd. 1982. A revision of the genus Hydrilla (Hydrocharitaceae).
Aquatic Bot. 13: 485-504.
Abstract: A taxonomic revision of the genus Hydrilla (Hydrocharitaceae) is presented with a
full description, diagnosis, synonyms with typifications, distribution maps and illustrations,
also including information on ecology, floral biology, anatomy, embryology, chromosomes,
genetics, variation and applied aspects with a rather extensive bibliography. Hydrilla is
considered to be monotypic; however, the single species (H. verticillata (L. fil.) Royle) is
genetically variable and shows ill-definable morphological, caryological and physiological
differentiation. The centre of differentiation is considered to lie in tropical Asia.

Coley, C. 1997. Hydrilla tubers recovered from waterfowl Lake Mattamuskeet, North
Carolina. Aquatic Plant News. 54:2.
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http://apms.org/wp/wp-content/uploads/2012/10/054_apr1997.pdf
Key words: monoecious, eelgrass, curly leaf pondweed

Conant, Jr., R.D., Van, T.K., and Steward, K.K., 1984. Monoecious hydrilla produces viable
seeds in the United States. Aquatics, 6 (3):10.
http://www.fapms.org/aquatics/issues/1984fall.pdf

Key words: aquatic weed, dioecious, flowers, biotype

Dibble, E.D. and K. Kovalenko. 2009. Ecological impact of grass carp: a review of the
available data. J. Aquat. Plant Manage. 47:1-15.
http://apms.org/wp/wp-content/uploads/2012/10/v47p001_2009.pdf

Abstract: The exotic grass carp (Ctenopharyngodon idella) has been used for almost a half a

century in the United States as a biological agent to control and manage aquatic plants. This

long-lived generalist herbivore consumes large amounts of vegetation and can considerably
alter habitat and impact aquatic communities. We conducted a literature review to determine
whether previous studies adequately addressed ecological impacts of grass carp and their
underlying mechanisms. Our goal was to identify strengths and limitations of ecological
assessment in the literature and suggest a trajectory of future research. The review yielded

1,924 citations on grass carp; however, data on ecological interactions were limited, and most

research emphasized the biology of grass carp or eradication of aquatic plants rather than

ecological mechanisms responsible for ecosystem-wide impacts. Very few studies addressed

effects on habitat complexity or community-structuring processes. We provide a

comprehensive tabulated overview of feeding preferences and environmental impacts of

grass carp. We argue that ecology is paramount to evaluating grass carp impacts and
thorough understanding of these impacts is essential for the appropriate management of
aquatic communities. Current knowledge is not sufficient to accurately predict long-term
effects of grass carp on freshwater ecosystems. We advise a more cautious approach to
developing guidelines for grass carp use.

Key words: aquatic plant management, Ctenopharyngodon idella, habitat alteration,

literature review.

Doyle, R. D., M. J. Grodowitz, R. M. Smart, and C. S. Owens. 2002. Impact of herbivory
Hydrellia pakistanae (Diptera: Ephydridae) on growth and photosynthetic potential of
Hydrilla verticillata. Biol. Control 24: 221-229.

Abstract: The impacts of varying levels of herbivory by Hydrellia pakistanae on the

dioecious ecotype of Hydrilla verticillata were evaluated by conducting a 10-week growth

experiment within mesocosm tanks. The observed leaf damage to H. verticillata stems was
highly correlated with the total number of immature H. pakistanae in H. verticillata tissue at
the time of harvest (P<0.001, R2>0.80). Increasing levels of insect herbivory significantly
impacted biomass and growth morphology of H. verticillata. Relative to control tanks, plants
under intermediate or high levels of herbivory produced progressively less biomass. Insect
herbivory also significantly impacted investment of energy in sexual and asexual
reproduction. Plants under an intermediate or high level of herbivory produced fewer than

15% of the number of pistillate flowers produced by plants in control tanks. Furthermore,
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plants subject to high insect herbivory produced fewer and smaller tubers than control tanks.
Finally, herbivory had a strong impact on the photosynthetic potential of stems. With 10—
30% leaf damage, the maximum rate of light-saturated photosynthesis was reduced 30—40%
relative to undamaged controls. Total daily photosynthetic production in these stems was
estimated to balance, just barely, the daily respiratory needs of stems. Photosynthetic rate
was reduced by about 60% in stems showing 70-90% leaf damage. This level of
photosynthetic reduction would make continued survival of the plants unlikely since they
would be unable to meet daily respiratory demands.

Keywords: Hydrilla verticillata; Hydrellia pakistanae; Insect herbivory; Biocontrol,
Photosynthesis; Aquatic weed; Invasive species; Aquatic plant management

Doyle, R. D., M. J. Grodowitz, R. M. Smart, and C. S. Owens. 2007. Separate and interactive
effects of competition and herbivory on the growth, expansion, and tuber formation of
Hydrilla verticillata. Biol. Control 41:327-338

Abstract: This study examined the interaction and main-effect impacts of herbivory by the

leaf-mining fly Hydrellia pakistanae and plant competition from Vallisneria americana on the

growth, expansion and tuber formation of Hydrilla verticillata in a 2 x 2 factorial design
experiment. The study was conducted in 14,000-L tanks, over two growing seasons. Each
tank represented a single experimental unit and contained 32 1-L pots. At the beginning of
the experiment half of these were planted with H. verticillata while the other half were either
left empty or planted with V. americana (the competitor). H. pakistanae fly larvae (the
herbivore) were added to tanks as appropriate. No significant interactions were identified

between herbivory and competition on any parameter of H. verticillata growth analyzed (i.e.,

total tank biomass accumulation, total number of rooting stems, total tuber number, total

tuber mass, and tuber size), indicating that the factors were operating independently and
neither antagonism nor synergism was occurring. Both competition and herbivory impacted
the growth of H. verticillata. H. verticillata plants grown in the presence of V. americana
developed less total biomass, had fewer total basal stems, had fewer tubers and less tuber
mass per tank, and produced significantly smaller tubers relative to control plants. Herbivory
also suppressed H. verticillata biomass accumulation and tended to suppress the number and
total mass of tubers produced in each tank. Both factors showed 30—-40% reduction of total

H. verticillata biomass, although the mechanism of impact was different. Competition

suppressed expansion of H. verticillata into adjoining pots but had little impact on its growth

in pots where it was originally planted. Herbivory resulted in a general suppression of growth
of H. verticillata in all pots. Although herbivory significantly impacted H. verticillata
biomass, it did not result in competitive release for V. americana under the current
experimental conditions. We conclude that management activities that promote competition
or herbivory will impact the growth and expansion of H. verticillata. Furthermore, since these
factors operated independently, the combined use of both factors should be beneficial for
suppression of H. verticillata dominance.

Keywords: Competitive release; Invasive species; Hydrellia pakistanae; Vallisneria

americana

Dray, F. A., Jr., and T. D. Center. 1996. Reproduction and development of the biocontrol
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agent Hydrellia pakistanae (Diptera: Ephydridae) on monoecious hydrilla. Biol. Cont.

7:275-280.
Abstract: Previous investigations of the laboratory biology and host range
ofHydrelliapakistanae,a biological control ofHydrilla verticillata(hydrilla), used the
dioecious hydrilla biotype common to Florida, Texas, and California. A monoecious biotype
that is now spreading throughout the mid-Atlantic states, California, and Washington was not
investigated during these original studies. We therefore compared the dioecious and
monoecioushydrilla biotypes as hosts forH. pakistanae.FemaleH. pakistanaeaccepted the two
biotypes equally as ovipositional substrates. Overall developmental success differed little:
42% of eggs oviposited on monoecioushydrilla produced adults compared to 39% of eggs
oviposited on dioecious hydrilla. Fly development required about 33 days on both biotypes
(at 22 £ 2°C), but larvae that completed development mined 1.6 times as many leaves on
monoecioushydrilla as on dioecious plants. These data suggest thatH. pakistanaewould be a
useful biocontrolagent of monoecioushydrilla, should this plant invade areas where it can
grow as a perennial.
Keywords: Hydrilla verticillata, Hydrellia pakistanae, classical biological control, biotypes,
herbivory, monoecious, dioecious, submerged macrophyte.

Estes, L.D., C. Fleming, A.D. Fowler, and N. Parker. 2011. The distribution, abundance, and
habitat colonization of the invasive submersed macrophyte, Hydrilla verticillata, in a
high-gradient riverine system. Proc. 72™ Annual Association of Southern Biologists
(ABS) Meeting, 13-16 April, Huntsville, AL; Oral presentation.
http://www.sebiologists.org/resources/SEB/SEB 58 2 April2011.pdf

Grodowitz, M., J. Nachtrieb, N. Harms, and J. Freedman. 2010. Suitability of using
introduced Hydrellia spp. for management of monoecious Hydrilla verticillata (L.f.)
Royle. APCRP Technical Notes Collection, ERDC/TN APCRP-BC-17. Vicksburg,
MS: U.S. Army Engineer Research and Development Center.
http://www.dtic.mil/cqi-
bin/GetTRDoc?Location=U2&doc=GetTRDoc.pdf&AD=ADA514607
Abstract : The main objective of this study was to determine the suitability of using
introduced hydrilla leaf-mining flies (Hydrellia pakistanae Deonier and H. balciunasi Bock)
for the management of monoecious hydrilla (Hydrilla verticillata (L.f.) Royle). This was
accomplished using a variety of procedures and experimental designs, including small
container bioassays, development of a greenhouse-based fly colony reared exclusively on
monoecious hydrilla, a larger tank study designed to evaluate short-term impact on both
monoecious and dioecious hydrilla, use of small ponds to evaluate establishment in a more
natural situation, evaluation of overwintering biology of the agents, and field releases to
determine establishment success. Introduction of biological control agents is a critical
component of aquatic plant management. Using host-specific agents complements the goal of
targeting nuisance vegetation while minimally affecting native vegetation. Two species of
introduced ephydrid leaf-mining flies, Hydrellia pakistanae Deonier and H. balciunasi Bock,
have been shown to suppress dioecious hydrilla by reducing photosynthesis, thereby
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http://www.dtic.mil/cgi-bin/GetTRDoc?Location=U2&doc=GetTRDoc.pdf&AD=ADA514607

impacting biomass production, tuber formation, fragment viability, and hydrilla's ability to
compete effectively with beneficial native vegetation (Doyle et al. 2002, 2005; Grodowitz et
al. 2003; Owens et al. 2006, 2008). However, only limited research has been conducted
evaluating their effectiveness on monoecious hydrilla found in the more northern portions of
the United States. Dray and Center (1996) indicated that the flies would be highly suitable,
but this research was confined mainly to short-term laboratory and greenhouse-based studies
with no actual field releases; hence, more research is warranted.

Key words: Aquatic plants, bioassay, biological agents, biology, release, biomass conversion,
laboratories, vegetation, ponds, impact, management, United States, containers

Haller, W. T. 1982. Hydrilla goes to Washington. Aquatics 4(4):6-7.
http://www.fapms.org/aquatics/issues/1982winter.pdf
Key words: Hydrilla verticillata, aquatic weed, tubers, Egeria, Elodea

Haller, W.T., J.V. Shiremana, and D.F. Duranta. 1980. Fish harvest resulting from
mechanical control of hydrilla. Transactions of the American Fisheries Society.
109(5): 517-520.

Abstract: Mechanical harvesting of the submersed weed hydrilla, Hydrilla verticillata (L.F.)

Royle, in Orange Lake, Florida entangled fish in the cut vegetation resulting in their disposal

with the weeds on shore. Three block-net samples in dense hydrilla indicated fish standing

crops (mean + SD) of 205,000 + 35,000 fish/hectare and 460 + 30 kg/hectare. The estimated
loss of fish to mechanical harvesting represented 32% of fish numbers and 18% of fish
biomass. Fish most susceptible to mechanical removal with hydrilla were juvenile sportfish
and smaller species. The monetary replacement value of the fish lost was estimated at over
$6,000/hectare.

Haller, W.T., D. L. Sutton and W. C. Barlowe. 1974. Effects of salinity on growth of several
aquaticmacrophytes. Ecology. 55(4): 891-894.
Abstract: Growth rates of 10 aquatic macrophytes in various salinities under greenhouse
conditions varied widely. Salt concentrations of 1.66'S and 2.50%, were toxic to Pistia
stratiotes L. and Eichlornia crassipes (Mart.) Solms, respectively. Salinities of 16.65Sc, or
higher were toxic to Lemna minor L., but growth of Lemna was increased by salt concentra-
tions of 0.83?, 1.66S(, 2.506/c, and 3.33%, as compared to other Lemna plants grown
in fertilized pondwater. Other species studied, Hydrilla v'erticillata Royle, Myriophlyllumn
spicatum L., Najas quadalupensis (Spreng.) Magnus, Vallisneria amnericana Michx.,
Azolla caroliniana Willd., and Salvinia rotundifolia Willd., gradually declined in growth as
salinity increased. Transpiration of the emersed growth form of Myriophyllumn brasiliense
Camb. decreased with increasing levels of salinity, but root growth was stimulated by salt
concentrations of 0.83, presumably a response of the plant to overcome an internal water
deficit resulting from the saline solutions.
Key words: Aquatic plants; drought; estuary; niche; nutrients; salinity; salt tolerance;
salt water intrusion; sodium chloride; transpiration
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Harlan, S. M., G. J. Davis, and G. J. Pesacreta. 1985. Hydrilla in three North Carolina lakes.
J. Aquat. Plant Manage. 23:68-71.
http://apms.org/wp/wp-content/uploads/2012/10/v23p68.pdf

Abstract: Hydrilla did not overwinter in lakes in Wake County, North Carolina in 1982 to

1983. Most biomass was produced at water depths between 0 and 2 m with little growth at

depths greater than 3 m. Tuber formation began in late June, while regrowth from tubers and

turions began from late March to mid April. Laboratory experiments indicated no
seasonality in tuber germination, but this was not true for turion germination. Both male and
female flowers were produced, but reproduction was solely vegetative.

Key words: biomass, tubers, turions, flowers, phenology

Harms, N.E. and M.J. Grodowitz. 2011. Overwintering biology of Hydrellia pakistanae, a
biological control agent of hydrilla. J. Aquat. Plant Manage. 49:114-117.
http://apms.org/wp/wp-content/uploads/2012/10/v49p114.pdf

Key words: Diptera: Ephydridae, Asian leaf-mining fly, monoecious, dioecious, biocontrol

Hodson, R.G. G.J. Davis, and K.A. Langeland. 1984. Hydrilla management in North
Carolina. Water Resources Research Inst. Of Univ. of N.C. Rep. No. 217.

Hofstra, D.E., J. Clayton, J.D. Green, and M. Auger. 1999. Competitive performance of
Hydrilla verticillata in New Zealand. Aquatic Botany. 63(3):305-324.
Abstract: Hydrilla verticillata is an invasive submerged weed, which has been introduced
and become established in a variety of freshwater habitats around the world. It was first
recorded in NewZealand in 1963, and today occurs in four lakes in the Hawke’s Bay region.
Isozymeanalyses (six enzyme systems; MDH, PGM, PGD, GPI, AAT and IDH) were carried
out on these populations to determine the level and pattern of genetic diversity in
NewZealandH. verticillata. Australian and USA monoecious and dioecious H. verticillata
samples were also analysed for the same six enzyme systems. Four isozymes (MDH, PGM,
GPI and AAT) were polymorphic between country-samples. Isozyme banding patterns of
NewZealandH. verticillata populations were compared with those of H. verticillata from
other countries, both by examining published data as well as by direct analysis, to determine
the likely source of H. verticillata in NewZealand. Random amplified polymorphic DNA
(RAPD) reaction carried out on the same sample set using 14 random primers indicated that
there was a single dominant genotype present in all four NewZealandH. verticillata
populations. USA and Australian H. verticillata samples contained more than one genotype.
Both analyses indicated that the NewZealandH. verticillata plants were more similar to those
from Australia than to either of the USA samples. The study also indicated that NewZealand
H. verticillata was probably the result of a single introduction, the most likely source being
Australia, and that reproduction is solely by vegetative means.
Key words: Genetic variation, monoecious, dioecious, RAPD.

Joyce, J.C., W.T. Haller, and D. Colle. 1980. Investigation of the presence and survivability

of of hydrilla propagules in waterfowl. Aquatics 2(3):10-11.
http://www.fapms.org/aquatics/issues/1980fall.pdf
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Key words: Tubers, turions, water management, aquatic plant, ring necks, coots

Kracko, K.L. and R.M. Noble. 1993. Herbicide inhibition of grass carp feeding on hydrilla. J.
Aquat. Plant Manage. 31:273-275.
http://apms.org/wp/wp-content/uploads/2012/10/v31p273.pdf

Key words: Tubers, turions, triploid, fluridone, diquat

Langeland, K.A. and G.J. Pesacreta. 1986. Management program for hydrilla (a monoecious
strain) in North Carolina. Water Resources Research Inst. Of Univ. of N.C. Rep. No.
225.

Langeland, K.A. 1996. Hydrilla verticillata (L.F.) Royle (Hydrocharitaceae), “The Perfect
Aquatic Weed”. Castanea. 61(3): 293-304.
Abstract: The submersed macrophyte hydrilla [Hydrilla verticillata (L.F.) Royle], which is
native to the warmer areas of Asia, was first discovered in the United States in 1960. A
highly specialized growth habit, physiological characteristics, and reproduction make this
plant well adapted to life in submersed freshwater environments. Consequently, hydrilla has
spread rapidly through portions of the United States and become a serious weed. Where the
plant occurs, it causes substantial economic hardships, interferes with various water uses,
displaces native aquatic plant communities, and adversely impacts freshwater habitats.
Management techniques have been developed, but sufficient funding is not available to stop
the spread of the plant or implement optimum management programs. Educational efforts to
increase public and political awareness of problems associated with this weed and the need
for adequate funding to manage it are necessary.

Langeland, K.A. and C.B. Smith. 1984. Hydrilla produces viable seed in North Carolina
Lakes. Aquatics. 6(4):20-21.
http://www.fapms.org/aquatics/issues/1984winter.pdf

Key words: fruit, dioecious, monoecious, flower, sexual reproduction, genetic variability

Lal, C. and B. Gopal. 1993. Production and germination of seeds in Hydrilla verticillata.
Aguat. Bot., 45: 257-261.
Abstract: A monoecious population of Hydrilla verticillata (L.f.) Royle, occurring in the
Wazirabad reservoir on the river Yamuna at New Delhi, produces seeds profusely during late
winter. The seeds are light sensitive and germinate within a week at laboratory temperature
(23-28°C). Seeds stored dry or in water in darkness for up to 1 year germinate readily in
light. Thus, seeds offer a long-term strategy for survival of Hydrilla after prolonged dry
periods in regions with a monsson climate.

Les, D.H., L.J. Mehrhoff, M.A. Cleland, and J.D. Gable. 1997. Hydrilla verticillata
(Hydrocharitaceae) in Connecticut. J. Aquat. Plant Manage. 35:10-14.
http://apms.org/wp/wp-content/uploads/2012/10/v35p10.pdf

Abstract: A specimen of hydrilla (Hydrilla verticillata (L.f.) Royle) collected at Mystic,

Connecticut in 1989 was recently discovered in the University of Connecticut herbarium.
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Unnoticed previously because of its misidentification as egeria (Egeria densa Planch.), this
specimen is the first authenticated record of hydrilla in New England, and represents the most
northern locality of the species currently known in eastern North America. A 1996 field
survey verified that hydrilla continues to thrive at the Connecticut site. Connecticut plants
were positively identified as hydrilla by morphological features, and by comparing the rbcL
gene sequence of Connecticut specimens with a hydrilla plant from India. Internode lengths
of Connecticut hydrilla exceeded those reported for both dioecious and monoecious strains
grown in greenhouse conditions. However, leaf lengths of Connecticut hydrilla were
comparable to those of the dioecious strain designated as ‘USA hydrilla I'. A RAPD profile
of Connecticut hydrilla produced the molecular marker that reportedly distinguishes the
dioecious strain. Cytological analysis indicated that the Connecticut hydrilla plants are
triploid (2n = 3x = 24). Hydrilla in Connecticut presumably represents an introduction of
dioecious plants. Hydrilla grew well on both sandy and mucky substrates and apparently
overwinters in Connecticut by production of numerous, subterranean stem tubers.

Key words: chromosome number, distribution, identification, North America, rbcL sequence,
RAPD, triploid, weed.

Madeira, P.T., T.K. Van, K.K. Steward, and R.J. Schnell. 1997. Random amplified
polymorphic DNA analysis of the phonetic relationships among world-wide
accessions of Hydrilla verticillata. Aquatic Biology. 59:217-236.

Abstract: The phenetic relationships among forty-four accessions of Hydrilla verticillata from

various regions of the world were determined using random amplified polymorphic DNA

(RAPD) analysis of bulked genomic samples. Five primers were used, producing a total of 85

resolvable, polymorphic bands. The accessions were compared using Gower and Dice

metrics, clustered using unweighted pair-group arithmetic average clustering (UPGMA) and
consensus algorithms, and factored using principal coordinate analysis. Four major clusters

(Asian, Australian, Indonesian, monoecious USA) and one minor outlier cluster

(Japan/Poland) were identified. The USA dioecious accessions formed a group closest to an

accession from Bangalore, India, possibly lending credence to historical reports that it was

imported from Sri Lanka. The USA monoecious plants cluster with an accession from Seoul,

Korea Republic. Accessions from Taiwan, Burundi and Panama join the Asian cluster late.

The New Zealand accessions cluster loosely with those from Australia. The use of band

intensity in combination with the Gower similarity coefficient generated a cophenetic

correlation coefficient (similarity matrix versus UPGMA matrix) of r = 0.92, superior to that

for the corresponding Dice metric (r = 0.85).

Madeira, P.T., C.C. Jacono, and T.K. Van. 2000. Monitoring hydrilla using two RAPD
procedures and the nonindigenous aquatic species database. J. Aquat. Plant Manage.
38:33-40.
http://apms.org/wp/wp-content/uploads/2000/12/v38p33.pdf

Abstract: Hydrilla (Hydrilla verticillata (L.f.) Royle), an invasive aquatic weed, continues to

spread to new regions in the United States. Two biotypes, one a female dioecious and the

other monoecious have been identified. Management of the spread of hydrilla requires
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understanding the mechanisms of introduction and transport, an ability to map and make
available information on distribution, and tools to distinguish the known U.S. biotypes as
well as potential new introductions. Review of the literature and discussions with aquatic
scientists and resource managers point to the aquarium and water garden plant trades as the
primary past mechanism for the regional dispersal of hydrilla while local dispersal is
primarily carried out by other mechanisms such as boat traffic, intentional introductions, and
waterfowl. The Nonindigenous Aquatic Species (NAS) database is presented as a tool for
assembling, geo-referencing, and making available information on the distribution of
hydrilla. A map of the current range of dioecious and monoecious hydrilla by drainage is
presented. Four hydrilla samples, taken from three discrete, non-contiguous regions
(Pennsylvania, Connecticut, and Washington State) were examined using two RAPD assays.
The first, generated using primer Operon G17, and capable of distinguishing the dioecious
and monoecious U.S. biotypes, indicated all four samples were of the monoecious biotype.
Results of the second assay using the Stoffel fragment and 5 primers, produced 111 markers,
indicated that these samples do not represent new foreign introductions. The differences in
the monoecious and dioecious growth habits and management are discussed.

Madeira, P.T., T.K. Van, and T.D. Center. 2004. An improved molecular tool for
distinguishing monoecious and dioecious hydrilla. J. Aquat. Plant Manage. 42:28-32
http://apms.org/wp/wp-content/uploads/2012/10/v42p28.pdf

Abstract: Two biotypes of hydrilla [Hydrilla verticillata (L.f.) Royle] occur in the United

States, a dioecious type centered in the southeast and a monoecious type in the central

Atlantic and northeastern states. Ecosystem managers need tools to distinguish the types as

the ranges of each type expand and begin to overlap. A molecular tool using the randomly

amplified polymorphic DNA (RAPD) procedure is available but its use is limited by a need
for reference samples. We describe an alternative molecular tool which uses “universal
primers” to sequence the trnL intron and trnL-F intergenic spacer of the chloroplast genome.

This sequence yields three differences between the biotypes (two gaps and one single

nucleotide polymorphism). A primer has been designed which ends in a gap that shows up

only in the dioecious plant. A polymerase chain reaction (PCR) using this primer produces a

product for the monoecious but not the dioecious plant.

Key words: Hydrilla verticillata, trnL intron, trnL-F intergenic spacer, sequencing.

Maki, K.C. and S.M. Galatowitsch. 2008. Cold tolerance of two biotypes of hydrilla and
northern watermilfoil. J. Aquat. Plant Manage. 46:42-50.
http://apms.org/wp/wp-content/uploads/2012/10/v46p042_2008.pdf

Abstract: A two-step assay was developed to test the cold tolerance ranges of axillary turions

of dioecious and monoecious Hydrilla (Hydrilla verticillata [L.F] Royle) and Myriophyllum

sibiricum (Kamarov). In phase one, cold treatments of 0, 28, 63, and 105 d duration were
used to test overwintering effects on mortality rates. Phase two consisted of a test of
survivorship over 10 weeks in treatments simulating early growing season. These early
growing season treatments included rapid and slow temperature increases and long and short
daylengths. Survivorship, shoot dry weight, branch number, and root development were
measured to determine responses to different temperature increases and daylengths. As
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overwintering period (phase I) increased from O to 105 d, mortality increased from 8% to
98% for dioecious Hydrilla and 0% to 48% for monoecious Hydrilla. M. sibiricum had low
percent mortality across all overwintering treatments (0 to 105 d) and no deaths at 0 and 105
d. Survivorship decreased during the early growing season (phase 1) for both Hydrilla
biotypes and was affected by overwintering period. No dioecious Hydrilla turions survived
the early growing season after overwintering periods of 63 and 105 d. Monoecious Hydrilla
turions survival ranged from 67% (63 d) to 42% (105 d). M. sibiricum had variable rates of
survival in the early growing season after all overwintering treatments, ranging from a
minimum of 8% at 0, 28, and 105 d, to a maximum of 67% at 63 d. Shoot dry weight and
branching increased with more rapid changes in early growing season temperatures. Using a
two-step assay to determine cold tolerance suggests that monoecious Hydrilla will likely
overwinter in northern latitudes more successfully than dioecious Hydrilla.

Key words: cold stress, invasive potential, invasive species, submersed aquatic vegetation,
vegetative propagules, Myriophyllum sibiricum.

McFarland, D.G. and Barko, J.W. 1987. Effects of temperature and sediment type on growth
and morphology of monoecious and dioecious hydrilla. J. Freshwater Ecol. 4(2):245-
252.
Abstract: In a five-week greenhouse investigation, variations in growth and morphology of
monoecious and dioecious Hydrilla [Hydrilla verticillata (L. f.) Royle] were compared over a
range of temperatures, 12 to 32 C, on an inorganic sediment and on an organic sediment. For
these bio-types, total biomass production was severely restricted at 16 C and below, with
thermal optima for growth occurring between 28 and 32 C. Total biomass, shoot number, and
shoot length for each biotype were greater on the inorganic sediment than on the organic
sediment. At higher temperatures, dioecious Hydrilla lengthened more extensively than
monoecious Hydrilla; however, the latter produced higher shoot densities and tuber numbers
under most experimental conditions. Monoecious Hydrilla appears to be better adapted to
moderate temperatures than dioecious Hydrilla, and its potential distribution may include
sediments less favorable for growth of the dioecious biotype.

McFarland, D.G. and Barko, J.W. 1999. High-temperature effects on growth and propagule
formation in hydrilla biotypes. J. Aquat. Plant Manage. 37:17-25.
http://apms.org/wp/wp-content/uploads/2012/10/v37pl17.pdf

Abstract: In consecutive greenhouse studies, growth and propagule formation were examined

first in monoecious hydrilla [Hydrilla Verticillata (L.f.) Royle], then in dioecious hydrilla, at

three temperature levels (25, 30, and 35 C) and contrasted over three periods of growth (8, 12

and 16 wks). Each biotype was grown under natural photoperiods, decreasing from 14 hrs (in

Aug) over 8, 12, and 16 wks respectively to 12, 11, and 10 hrs (in Oct, Nov, and Dec). For

both biotypes, total biomass and root-to-shoot ratios were significantly reduced at 35 C;

greater biomass was produced both at 25 and 30 C. Increases in growth period generally

enhanced total biomass and shoot production; however, shoot length was unresponsive to
growth periods beyond 8 wks. The 35 C treatment strongly impeded tuber formation and
eliminated the production of axillary turions; the number and biomass of these propagules
peaked at lower temperatures under short photoperiods after 12 to 16 wks. Shoot elongation
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was stimulated with increases in temperature and was especially pronounced in the dioecious
biotype. Notably, in the monoecious biotype, the number of shoots as a potential source of
fragments, and tuber production (although reduced) occurred at relatively high levels under
unfavorably high-temperature (35 C) conditions. These results suggest that monoecious
hydrilla may be better adapted to high temperatures than previously shown, and that the
distribution of both biotypes in the U.S. could overlap further in southern states.

Key words: Hydrilla verticillata, biomass, morphology,tubers, turions, reproduction, thermal
conditions, photoperiod.

Michel, A., B. E. Scheffler, R. S. Arias, S. O. Duke, M. D. Netherland and F.E. Dayan. 2004.
Somatic mutation-mediated evaluation of herbicide resistance in the invasive plant
hydrilla. Mol. Ecol. 13:3229-3237.

Abstract: Hydrilla (Hydrilla verticillata L.f. Royle) was introduced to the surface water of

Florida in the 1950s and is today one of the most serious aquatic weed problems in the USA.

As a result of concerns associated with the applications of pesticides to aquatic systems,

fluridone is the only USEPA-approved chemical that provides systemic control of hydrilla.

After a decrease in fluridone's efficacy at controlling hydrilla, 200 Florida water bodies were

sampled to determine the extent of the problem and the biological basis for the reduced

efficacy. Our studies revealed that hydrilla phenotypes with two- to six-fold higher fluridone
resistance were present in 20 water bodies. Since fluridone is an inhibitor of the enzyme
phytoene desaturase (PDS), the gene for PDS (pds) was cloned from herbicide-susceptible
and -resistant hydrilla plants. We report for the first time in higher plants three independent
herbicide-resistant hydrilla biotypes arising from the selection of somatic mutations at the
arginine 304 codon of pds. The three PDS variants had specific activities similar to the wild-
type enzyme but were two to five times less sensitive to fluridone. In vitro activity levels of
the enzymes correlated with in vivo resistance of the corresponding biotypes. As hydrilla
spread rapidly to lakes across the southern United States in the past, the expansion of
resistant biotypes is likely to pose significant environmental challenges in the future.

Miller, R.W. 1998. The First State’s experiences controlling the northern monoecious form
of hydrilla. Aquatics 10(2):16-23.
http://www.fapms.org/aquatics/issues/1988summer.pdf

Key words: Delaware, aquatic weed, waterfowl, phenology, control, Aquathol K, diquat,

Koplex, Sonar, polymer, drawdown

Meadows, S.T. and R.J. Richardson. 2012. Competition of monoecious hydrilla with other
submersed macrophytes. Proc. 52nd Annual Meeting Aquatic Plant Management
Society (APMS), July 22-25, Salt Lake City, UT.

Abstract: In order to assess the potential of monoecious hydrilla to invade existing aquatic

plant communities, monoecious hydrilla was grown in competition with four submersed plant

species: Eurasian watermilfoil (Myriophyllum spicatum L.; invasive), curly leaf pondweed

(Potamogeton crispus L.; invasive), Elodea canadensis Michx. (native), and Vallisneria

americana Michx. (native). Initial plant establishment occurred in fall 2010 in a glasshouse;

plants were then moved to outdoor mesocosms, and the trial was initiated in March 2011.
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Competition treatments included all tested plant species alone, at two different densities, and
in combination with sprouted monoecious hydrilla tubers, at two different introduction
timings. Treatments were replicated three times and completely randomized. Stem lengths of
the longest shoot of each plant were measured initially, and biweekly for 20 weeks. At the
termination of the experiment, all plant biomass was separated by species and harvested,
separating root mass from shoot mass for dry weight determination. Vegetative reproductive
structures were counted when present, and fresh weight was taken. While the introduction of
monoecious hydrilla at both timings lowered the shoot biomass dry weight for all plant
species, the decrease was only significant for the early introduction of hydrilla with Elodea,
curly leaf pondweed, and Vallisneria; not for Eurasian watermilfoil and not the late
introduction of hydrilla. Hydrilla introduction had no effect on root biomass dry weight at
either timing. Plant density had no effect on biomass dry weight for all naturalized species,
with or without monoecious hydrilla. Elodea, at both densities, significantly hindered
monoecious hydrilla shoot biomass for the late introduction only. No other plant tested, at
either density, had an effect on hydrilla biomass at either introduction timing. This research
illustrates what effects previous establishment of these four species may have on hindering
monoecious hydrilla colonization.

Nawrocki, J.J. 2011. Environmental and Physiological Factors Affecting Submersed Aquatic
Weed Management (Masters Thesis).
http://repository.lib.ncsu.edu/ir/handle/1840.16/7126

Abstract: Invasive aquatic weeds such as Hydrilla verticillata L.f Royle and Myriophyllum

spicatum L. are spreading across the continental United States. This has resulted in the

invasion of large, complex flowing water systems. Management is difficult due to bulk water
exchange, wind mixing, and thermal density gradients. Assessing these factors on a site to
site basis can allow managers to properly select the correct herbicide, formulation, treatment
timing, and application technique to be most effective at controlling target weeds.

Rhodamine water tracing (WT) dye can be applied in a similar fashion as an aqueous

herbicide, and tracked in real time to calculate the bulk water exchange rate in the treatment

area. Rhodamine water tracing (WT) dye was used on Lake Gaston, NC to assess bulk water
exchange on 2 sites, which were 20 and 24 ha in size. The presence of a well pronounced
thermocline trapped the majority of the dye near the surface where it was subjected to wind,
waves, and natural currents moving it off target. Dye became evenly distributed vertically in
the water column after 16 to 20 hours after application. Granular herbicides can be used in
sites with a moderate degree of water flow and still provide excellent control of target weeds.

A slow release fluridone granule was commercially applied to two sites on Lake Gaston, NC

for hydrilla management. Subsequent sampling to determine residues was conducted for a

length of 69 days. An average concentration of 1.35 + 0.15 pg/L fluridone was observed in

the benthic region of the water column for the length of the study, which resulted in 18 of 19

survey points being devoid of hydrilla. Another water exchange trail was conducted on Lake

Pend Oreille, ID, which has historically been infested with Eurasian watermilfoil (EWM).

Successful management has reduced EWM infestations to areas with high water flow. Bulk

water exchange was evaluated on 4 sites ranging in size from 3 to 16.6 ha with the use of

Rhodamine (WT). A deep water injection application system was used and resulted in up to
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90% of the dye measured being located in the lower half of the water column. A final area of
research was conducted on hydrilla subterranean turions, which are a source for reinfestation
in areas where successful management has occurred. Tuber densities were

measured on 4 hydrilla infested water-bodies in NC that received various management
practices. Tuber densities on the Tar River Reservoir, which was treated yearly with
fluridone, declined 96% after 4 years. Lake Tillery which has also been treated yearly had a
65% decline in tuber densities. On Lake Gaston, sites treated two consecutive years resulted
in a 75% reduction whereas sites only treated the first year had only a 26% decrease after two
years. On the unmanaged Shearon Harris Reservoir, tuber densities ranged from 939 to 1,700
tubers per m2.

Nawrocki, J.J., S.T. Hoyle, J. Scott, and R.J. Richardson. 2011. Proc. 51st Annual Meeting
Aquatic Plant Management Society (APMS), 24-27 July, Baltimore, MD. Abstract
pp. 37-38.
Abstract: Since the discovery of Hydrilla verticillata in the United States, much research has
been conducted to find weaknesses in its life cycle. Most of this work has been done on the
dioecious form, which has historically been the most prevalent and problematic. However,
the monoecious form is rapidly expanding in range and significant differences may exist in
the biology of the two biotypes. Recent research at North Carolina State University into the
dynamics of monoecious hydrilla tuber sprouting has revealed interesting, and sometimes
surprising results. Growth chamber trials have indicated similarities in sprouting of both
biotypes under temperature and light manipulation. Research has also been conducted to
determine the effect on tuber sprouting under exposure to a range of pH, salinity, or
herbicides. Tubers sprouted in solutions with pH between 4.0 and 10.0 with few differences
in initial growth. Tubers exposed to a salinity level of 24 part per thousand for 2 weeks
sprouted when placed into a solution of deionized water, but did not sprout under constant
salinity exposure. It was also observed that monoecious hydrilla tubers have multiple axillary
buds preformed within dormant tubers that are capable of producing secondary shoots even
when the terminal shoot is removed. These findings can help refine management plans to
best exploit weaknesses in the biology of monoecious hydrilla.

Netherland, M. D. 1997. Turion Ecology of Hydrilla. J. Aquat. Plant Manage. 35: 1-10.
http://apms.org/wp/wp-content/uploads/2012/10/v35p1.pdf
Abstract: A literature survey was conducted to compile the numerous papers on the ecology
of subterranean and axillary turions produced by the exotic macrophyte hydrilla (Hydrilla
verticillata (L.f.) Royle). The monoecious and dioecious biotypes of hydrilla exhibit distinct
differences in seasonal turion production, turion production in response to photoperiod,
quantity and size of turions produced, and geographic distribution. Although a high level of
variabilityexists within and between aquatic systems, several million subterranean turions per
hectare have been reported. These propagules have been noted to remain quiescent in
undisturbed sediment for up to 4 years and they represent the key target in breaking the life-
cycle of hydrilla. The detached turions allow hydrilla to survive abiotic, biotic, and
anthropogenic induced stress. Although turions sprout optimally at temperatures between 15
and 35 C, factors such as light, CO2, oxygen, and various plant hormones and herbicideshave

143



been shown to either promote or inhibit sprouting. Improving control strategies for hydrilla
requires a betterunderstanding of factors that influence turion quiescence,sprouting, and
longevity.

Key words: Hydrilla verticillata, subterranean turion, tuber,axillary turion, vegetative
propagule.

Owens, C. S., M. J. Grodowitz, R. M. Smart, N. E. Harms, and J. M. Nachtrieb. 2006.
Viability of hydrilla fragments exposed to different levels of insect herbivory. J.
Aquat. Plant Manage. 44:145.
http://apms.org/wp/wp-content/uploads/2012/10/v44p144.pdf

Key words: aquatic weed, invasive, biological control, leaf mining fly

Owens, C. S., M. J. Grodowitz, and R. M. Smart. 2008. Impact of insect herbivory on the
establishment of Hydrilla verticillata (L.f.) Royle fragments. J. Aquat. Plant Manage.
46: 199-202.
http://apms.org/wp/wp-content/uploads/2012/10/v46p199 2008.pdf

Key words: biological control, invasive, leaf mining fly, herbivory

Owens, C. S. & J. D. Madsen, 1998. Phenological studies of carbohydrate allocation in
Hydrilla. Journal of Aquatic Plant Management 36: 40—44.
http://apms.org/wp/wp-content/uploads/2012/10/v36p40.pdf

Abstract: Hydrilla (Hydrilla verticillata (L.f.) Royle), a nonindigenous submersed aquatic

plant, was first introduced into the United States in the 1960’s. Hydrilla exhibits aggressive

growth, forming dense canopies of biomass at the surface of the invaded aquatic systems,
affecting fisheries, water quality, transportation and recreational usage. Studies of the
phenological seasonal cycles of invasive plants indicate optimal timing to apply management
techniques. Biomass and total nonstructural carbohydrate (TNC) allocation of dioecious

hydrilla were studied in outdoor ponds in Texas between January 1994 through July 1995.

Biomass increased from May through September, growing from overwintering shoots and

root crowns, not tubers. Tuber germination occurred in August. Tuber and turion production

occurred from October through April. A carbohydrate storage minimum was observed in late

July for 1994 and June for 1995, with storage generally split between stolon (7% TNC), root

crown (10% TNC) and lower stem (16% TNC). Tubers and turions ranged from 58 to 68%

TNC. These studies provide more insight into the timing of major allocation shifts in the

hydrilla seasonal growth cycle.

Key words: Hydrilla verticillata, total nonstructural carbohydrates, Hydrocharitaceae,

dioecious hydrilla.

Owens, C.S. and R.M. Smart. 2007. Sexual preference and alternative life cycles in hydrilla:
monecious and dioecious. Proc. 47th Annual Meeting Aquatic Plant Management

Society (APMS), July 15-18, Nashville, TN. Abstract p. 47.

Abstract: Two biotypes of hydrilla exist in Lake Gaston, NC/VA: dioecious (plants are either

male or female) and monoecious (plants have both male and female flowers on the same

plant). Both biotypes are problematic, forming dense surface canopies which can impede

144



navigation, degrade habitat and water quality, and interfere with recreational activities.
While the dioecious biotype has been intensively studied, much less is known about
monoecious hydrilla. Anecdotal information and personal observations in Lake Gaston
(Snow and Owens) suggested that the two biotypes differ in their overwintering strategies.

In order to effectively manage the growth of monoecious hydrilla and its tuberbank, we need
to understand the life cycle of the plant. An outdoor mesocosm study of the of the two
hydrilla biotypes was initiated at the LAERF in July 2006, to compare the phenology of the
biotypes in a controlled, outdoor setting. Primary interest was focused on aboveground
biomass dynamics and tuber/turion production and sprouting in relation to natural changes in
temperature and photoperiod over a 15-month study period. Harvests were conducted every
6 weeks starting in October 2006. While the study is ongoing, initial results (through
December 2006) indicate that monoecious hydrilla behaves as an herbaceous perennial,
completely dying back to tuber or turion by December. In contrast, the dioecious biotype
acts as an evergreen perennial — overwintering as an intact plant or semidormant rootcrown.
Results to date found no significant differences in aboveground biomass between the
biotypes until December, 2006, when the monoecious biotype senesced, resulting in an
almost 10-fold difference in shoot biomass between the two biotypes. Over the three harvest
dates monoecious hydrilla produced nearly twice as many tubers as did the dioecious
biotype. By the November harvest monoecious had produced 60 times more turions than the
dioecious. The implications of an herbaceous perennial life cycle on management of
monoecious hydrilla will be discussed.

Pesacreta, George J. 1990. "Pilot Study: Carbohydrate Allocation in Hydrilla
Biotypes." Miscellaneous Paper A-90-2. US Army Engineer Waterways
Experiment Station. Vicksburg. MS.
http://el.erdc.usace.army.mil/elpubs/pdf/mpa90-2.pdf

Key words: tuber, monoecious, dioecious, aquatic plant management, treatment

Poovey, A.G. and K.D. Getsinger. 2010. Comparitive response of monoecious and dioecious
hydrilla to endothall. J. Aquat. Plant Manage. 48:15-20.
http://apms.org/wp/wp-content/uploads/2012/10/vol48p15.pdf

Abstract: Hydrilla (Hydrilla verticillata [L.f.] Royle) is an aggressive submersed weed that

has invaded many United States waterbodies. While both the monoecious and dioecious

biotypes are present in the United States, monoecious populations have continued to spread
along the eastern seaboard and in the Great Lakes Region. There is limited documentation of
this biotype’s response to herbicides; therefore, we conducted two laboratory studies to
compare the efficacy of endothall against monoecious and dioecious hydrilla under various
concentrations and exposure times. In the first experiment, plants were propagated from
shoot fragments. In the second experiment, plants were propagated from subterranean turions

(tubers). Results showed that endothall is efficacious against both monoecious and dioecious

hydrilla, reducing biomass by >85% with concentrations of 2 mg ai L -1 coupled with

exposure times of 48 h for dioecious and 72 h for monoecious plants grown from shoot
fragments. Higher concentrations (4 mg ai L-1) or extended exposure times (96 h) were
required to control hydrilla grown from tubers. Treatment of newly sprouted monoecious
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http://el.erdc.usace.army.mil/elpubs/pdf/mpa90-2.pdf

tubers may be an effective application strategy because most monoecious tubers sprout
during spring and summer. Endothall efficacy against monoecious and dioecious hydrilla
grown from tubers requires further study.

Key words: aquatic herbicide, chemical control, shoot fragment, submersed aquatic plant,
subterranean turion, tuber.

Poovey, A.G. and S.H. Kay. 1998. The potential of a summer drawdown to manage
monoecious hydrilla. J. Aquat. Plant Manage. 36:127-130.
http://apms.org/wp/wp-content/uploads/2012/10/v36p127.pdf

Abstract: A summer drawdown to manage monoecious Hydrilla (Hydrilla verticillata (L.f.)

Royle) was investigated using a mesocosm system. The objectives were: to determine the

length of drawdown required to kill vegetative biomass; to evaluate plant recovery in terms

of regrowth and production of propagules following the drawdown; and to examine the
influence of hydrosoil characteristics on plant response to drawdown. Hydrilla tubers were
collected from the field, sprouted in the laboratory, planted in sand or silt loam soil, and
placed in concrete tanks. A drawdown was simulated by taking plants out of the tanks,
exposing them to ambient conditions for one to four weeks, and returning them to the
mesocosms until the end of the growing season. A one-week drawdown was sufficient for
killing hydrilla on sand; no regrowth or tuber production occurred. A one-week drawdown on
silt loam was not effective in desiccating the root system and preventing regrowth; these
plants produced the same amount of biomass and twice as many tubers as the reference
plants. A drawdown of two weeks or longer, however, suppressed hydrilla regrowth and
greatly reduced tuber numbers. Few turions were found on reference plants at the end of the
season. Plants subjected to drawdown did not produce turions. These results suggest that a
short-term summer drawdown on might be useful in monoecious hydrilla management;
however, hydrosoil type may determine length of drawdown required for complete soil
desiccation and plant kill.

Key words: aquatic weed, Hydrilla verticillata (L.f.) Royle, cultural control.

Pieterse, A. H. 1981. Hydrilla verticillata - a review. Tropical Agriculture. 7: 9-34.

Abstract: H. verticillata is one of the most troublesome spp. of submerged weeds that block
waterways throughout the world. This review focuses on its distribution; general biology and
physiology; formation and germination of turions; mechanical, manual, chemical and
biological control; and chemical composition and practical use.

Ryan, F.J., C.R. Coley, and S.H. Kay. 1995. Coexistence of monoecious and dioecious
hydrilla in Lake Gaston, North Carolina and Virginia. J. Aquat. Plant Manage. 33:8-
12.
http://apms.org/wp/wp-content/uploads/2012/10/v33p8.pdf
Abstract: Biotypes of hydrilla (Hydrilla verticillata (L.f.) Royle) at twosites in North Carolina
were characterized by growth habitand flower type under controlled conditions, patterns
oftuber proteins after electrophoresis, and reaction of DNAswith a single primer in the
random amplified polymorphic DNA (RAPD) reaction. Plants from Burnt Mill Creek in
Wilmington, in the southeastern part of the state, were dioecious by all criteria. Plants of both
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the monoecious and dioecious biotype were found in Lake Gaston, at the Virginia-North
Carolina border. This is the first report of the presence of plants of both biotypes in a single
body of water.

Key words: biotype, electrophoresis, growth habit, RAPD, tuber proteins.

Ryan, F. J., J. S. Thullen, and D. L. Holmberg. 1991. Non-genetic origin of isoenzymic

variability in subterranean turions of monoecious and dioecious hydrilla.J. Aquat.

Plant Manage. 29: 3-6.

http://apms.org/wp/wp-content/uploads/2012/10/v29p3.pdf
Abstract: Isoenzymic variability was investigated in subterranean turions of monoecious
hydrilla collected in North Carolina and dioecious hydrilla collected in Texas and California.
Two variants of each biotype were found in the field samples. One, termed Type A, had
patterns of alcohol dehydrogenase and aspartate aminotransferase after gel electrophoresis
that were identical to those previously reporte for turions grown in the laboratory. Dioecious
plants in laboratory culture were originally from Imperial Irrigation District in California,
while monoecious plants were from the Washington, D.C., area. The second variant, termed
Type B, had more rapidly moving electromorphs of both enzymes. The ration of the two
variants was different at each site in the field collections. Plants from monoecious turions
know to be Type B produced only turions of Type A under laboratory conditions. Plants
grown from dioecious plants or turions from sites in Texas that had high populations of Type
B produced turions only of Type A. The presence of Type B for either biotype was not due
to genetic variants within the populations, but might be due to environmental factors or
ageing of the turions.
Key words: alcohol dehydrogenase, aspartate aminotransferase, biotypes, gel electrophoresis,
Hydrilla verticillata, isoenzymes, turions

Rybicki, N.B., J.D. Kirshtein, and M.A. Voytek. 2013. Improved insight about the
distribution of Hydrilla, Egeria, and Elodea (Hydrocharitacea): application of
molecular techniques for identification. J. Aquat. Plant Manage. In Press.

Serafy, J.E., R.M. Harrell, and L.M. Hurley. 1994. Mechanical removal of hydrilla in the
Potomac River, Maryland: Local impacts on vegetation and associated fishes. Journal
of Freshwater Ecology. 9(2): 135-143.
Abstract: Tidal freshwater fish assemblages were sampled quantitatively from beds of
Hydrilla verticillata in the Potomac River, Maryland, to assess local impacts of mechanical
plant harvesting. Seasonal and diel estimates of fish density, biomass and species richness
were compared at an undisturbed site and an adjacent mechanically harvested site.
Harvesting had a “pruning” effect on Hydrilla: plant biomass levels at the harvested site
exceeded those at the undisturbed site after periods > 23 d. Fish species composition at the
two sites was very similar and species richness differences were minor. Significantly lower
(P<0.05) mean fish density and biomass values were found at the harvested versus the
undisturbed site < 23 d after plant removal. However, 43 d after plant removal, fish density
was significantly higher (P<0.05) at the harvested site, while biomass differences were
minor. Species-specific differences suggested that harvesting improved habitat for pelagic
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species (e.g., Menidia beryllina) but negatively affected cover-oriented species (e.g.,
Fundulus diaphanus). Results suggest impacts of mechanical harvesting on the fish
assemblages investigated were short-term and minor at the local, community level. However,
ten species were Killed in the mechanical harvesting process. We estimated that this
immediate loss represented 11-22% of fish numbers and 4-23% of biomass. Mechanical
harvesting, when macrophyte beds are in short supply, may not be prudent.

Shields, E.C., K.A. Moore, and D.B. Parrish. 2012. Influences of salinity and light
availability on abundance and distribution of tidal freshwater and oligohaline
submersed aquatic vegetation. Estuaries and Coasts. 35:515-526.

Abstract: Submersed aquatic vegetation (SAV) communities have undergone declines

worldwide, exposing them to invasions from non-native species. Over the past decade, the

invasive species Hydrilla verticillata has been documented in several tributaries of the lower

Chesapeake Bay, Virginia. We used annual aerial mapping surveys from 1998 to 2007,

integrated with spatial analyses of water quality data, to analyze the patterns and rates of

change of a H. verticillata-dominated SAV community and relate them to varying salinity
and light conditions. Periods of declining SAV coverage corresponded to periods where

salinities exceeded 7 and early growing season (April to May) Secchi depths were <0.4 m.

Increases were driven by the expansion of H. verticillata along with several other species into

the upper estuary, where some areas experienced an 80% increase in cover. Field

investigations revealed H. verticillata dominance to be limited to the upper estuary where
total suspended solid concentrations during the early growing season were <15 mg 1-1 and
salinity remained <3. The effect of poor early growing season water clarity on annual SAV
growth highlights the importance of water quality during this critical life stage. Periods of

low clarity combined with periodic salinity intrusions may limit the dominance of H.

verticillata in these types of estuarine systems. This study shows the importance of the use of

these types of biologically relevant episodic events to supplement seasonal habitat
requirements and also provides evidence for the potential important role of invasive species
in SAV community recovery.

Keywords: Chesapeake Bay Hydrilla verticillata Salinity Submersed aquatic vegetation

Spencer, D.F. and L.W.J. Anderson. 1986. Photoperiod responses in monoecious and
dioecious hydrilla verticillata. Weed Sci. 34(4):551-557.
Abstract: Thirty-eight % of monoecious hydrilla (H. verticillata ) grown from tubers
produced new tubers after 28 days exposure to a 10-h photoperiod. One hundred percent of
the plants grown at a 10-h photoperiod produced tubers by 56 days while only thirty-eight
percent of those grown at a 12-h photoperiod did so. Plants grown at 14- or 16-h
photoperiods did not produce tubers. Tubers appeared to be produced at the expense of new
root and shoot tissue. Dioecious hydrilla (female) grown under similar conditions did not
produce tubers by 56 days at any photoperiod examined. Relative growth rates (total dry
weight) for both types did not differ with photoperiod and ranged between 81 plus or minus
63 and 284 plus or minus 52 mg multiplied by g super(-1) multiplied by wk super(-1). In
general, total chlorophyll (a+b) was greater for dioecious than for monoecious plants.
Keywords: tuber production, aquatic weed, weed ecology, dry matter allocation, HYLL1.
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Spencer, D.F., L.W.J. Anderson, M.D. Ames, and F.J. Ryan. 1987. Variation in Hydrilla
verticillata (L.f.) Royle propagule weight. J. Aquat. Plant Manage. 25:11-14.
http://apms.org/wp/wp-content/uploads/2012/10/v25p11.pdf

Abstract: Weight distributions for hydrilla (Hydrilla verticillata (L.f) Royle) vegetative

propagules (axillary or subterranean turions) were skewed in eleven of thirteen sample

populations. Subterranean turions from dioecious plants weighed more than those from
monoecious plants when grown under similar conditions. Axillary turions weighed less than
subterranean turions. The data support the notion that, although they are anatomically
similar, axillary and subterranean turions represent alternate reproductive mechanisms.

Keywords: hydrilla, turions, reproductive strategy, weight distribution.

Spencer, D., L. Anderson, G. Ksander, S. Klaine, and F. Bailey. 1994. Vegetative propagule
production and allocation of carbon and nitrogen by monoecious hydrilla verticillata
(L.f.) Royle grown at two photoperiods. Aquat. Bot. 48(2):121-132.
Abstract: Plants of Hydrilla verticillata (L.f.) Royle were grown under two photoperiods (11
or 15 h) in a greenhouse. Under the 11 h photoperiod, Hydrilla produced geotropic shoots
after 34 days, tubers were first observed at 48 days, and turions after 76 days. During this
study, Hydrilla plants grown under the 11 h photoperiod produced 317 tubers, and those
grown under the 15 h photoperiod produced two tubers. C and N were directed from other
plant structures, especially shoots and roots, into newly formed tubers and turions. C was
allocated to new tubers at a rate that was about 43 times that for N. After 12 weeks, about 15
times more C and N were allocated to tuber production than to turion production. Nutrient
use efficiency for N increased significantly in both photoperiods. N use efficiency was not a
good indicator of the onset of tuber or turion production.

Spencer, D.F. and G.G. Ksander. 1999. Influence of dilute acetic acid treatments on survival
of monoecious hydrilla tubers in the Oregon House Canal, California J. Aquat. Plant
Manage. 37:67-71.
http://apms.org/wp/wp-content/uploads/2012/10/v37p67.pdf

Abstract: Hydrilla (Hydrilla verticillata (L.f.)Royle), a serious aquatic weed, reproduces

through formation of underground tubers. To date, attacking this life-cycle stage has been

problematic. The purpose of this study was to measure the impact of exposure to dilute acetic
acid on monoecious hydrilla tubers under field conditions. In this field experiment,
treatments were acetic acid concentration (0, 2.5, or 5%) and sediment condition (perforated
or not perforated). Each of 60, 1x1 m plots (in the Oregon House Canal) were randomly
assigned to one treatment. Two weeks after treatment, we collected three samples from each
plot. One was washed over 2 mm wire mesh screens to separate tubers from sediment.

Relative electrolyte leakage was measured for one tuber from each plot. Five additional

tubers from each plot were placed in a growth chamber and sprouting monitored for four

weeks. A second sample from each plot was placed in a plastic tub and placed in an outdoor
tank, filled with water. These samples were monitored for tuber sprouting. Relative
electrolyte leakage increased significantly for tubers exposed to 2.5% or 5% acetic acid.

Effects on tubers in perforated sediment were reduced. Exposure to acetic acid inhibited

tuber sprouting by 80 to 100%, in both chamber and outdoor tests. These results confirm

149



findings from earlier laboratory/greenhouse experiments, and suggest that this approach may
be useful in the management of hydrilla tuber banks in habitats where the water level can be
lowered to expose the sediments.

Key words: aquatic plant management, tuber bank, vinegar, Hydrilla verticillata (L.f.) Royle,
monoecious.

Spencer, D.F. and G.G. Ksander. 2000. Interactions between American pondweed and
monoecious hydrilla grown in mixtures. J. Aquat. Plant Manage. 38:5-13.
http://apms.org/wp/wp-content/uploads/2000/12/v38p5.pdf

Abstract: To assess the potential for monoecious hydrilla (Hydrilla verticillata (L.f.) Royle)

to invade existing aquatic plant communities, monoecious hydrilla was grown in mixtures

with American pondweed (Potamogeton nodosus Poiret). When grown with Hydrilla from
axillary turions, American pondweed was a stronger competitor. When grown with Hydrilla
from tubers, American pondweed was equally as strong a competitor as hydrilla. In these
eight-week long greenhouse and outdoor experiments, American pondweed grew taller than
hydrilla, produced floating leaves, and produced more vegetative propagules. Results of an
additional outdoor experiment indicated that hydrilla plants from axillary turions grew and
successfully produced new tubers in an existing American pondweed bed. Hydrilla produced
twice as many tubers as American pondweed produced winter buds in this experiment. These
results are based on Hydrilla plants grown from smaller or larger than average size tubers and
turions, and American pondweed grown from smaller than average or average size winter
buds. The results indicate the strong competitive ability of hydrilla since hydrilla from small
propagules coexisted with American pondweed from larger propagules.

Key words: invasive aquatic weed, competition, underwater irradiance, Potamogeton

nodosus, Hydrilla verticillata.

Spencer, D.F., G.G. Ksander, and S.R. Bissell. 1992. Growth of monoecious hydrilla on
different soils amended with peat or barley straw. J. Aquat. Plant Manage. 30:9-15.
http://apms.org/wp/wp-content/uploads/2000/12/v38p5.pdf

Abstract: Hydrilla is an introduced plant that has caused serious problems in many aquatic

systems in the United States. Growth requirements and capabilities of the monoecious strain

of hydrilla appear to differ in important ways (i.e., responses to photoperiod and perhaps
temperature, and allocation of dry matter to tubers and turions) from those of the dioecious
strain. Monoecious hydrilla (Hydrilla verticillata (L. f.) Royle) was grown in six soil types
amended with two levels of barley straw or peat to test the hypothesis that substrate organic
matter would cause reduced growth. Soil type significantly influenced hydrilla dry weight
and weight of tubers produced during 8 weeks of growth under outdoor conditions. Also,
increased organic matter content (measured as loss on ignition) of the substrate over the
range of 1.5 to 27.2 % was associated with increased growth of hydrilla. Of 14 substrate
properties, multiple regression revealed that the square root of Kjeldahl N and the square root
of soil conductivity were the best predictors of hydrilla weight. These results suggest that
variability in the responses of rooted aquatic plants to substrate organic matter content
reported previously may be partially explained by considering properties of the organic
matter, especially nutrient content.
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Spencer, D.F. and G.G. Ksander. 2001. Field evaluation of degree-day based equations for
predicting sprouting of hydrilla (Hydrilla verticillata) turions and tubers. Journal of
Freshwater Ecology. 16:479-486.

Abstract: The ability to predict sprouting of aquatic macrophyte vegetative propagules is an

important step in understanding their temporal distribution and abundance and in developing

long-range management strategies. We examined the ability of degree-day based equations to
predict monoecious hydrilla (Hydrilla verticillata L. f. Royle) tuber and turion sprouting in

Clear Lake, California using sediment and water temperatures measured in the lake.

Sediment temperature data were used to calculate accumulated degree-days. Sprouting of

turions and tubers was estimated using previously developed equations relating sprouting to

accumulated degree-days. There was good agreement between sprouting predictions and
field data on the presence of hydrilla in weed rake samples. Small differences among water
temperatures at the five sites and strong relationships between water and sediment
temperatures indicate that sprouting should be similar in hydrilla beds found along the
western and southern shores of upper Clear Lake. These results can be used to estimate
optimal timing for surveys of hydrilla abundance and the application of hydrilla management
techniques.

Steward, K.K. 1991a. Light requirements for growth of monoecious hydrilla from the
Potomac River. Florida Sci. 54(3/4):204-214.
Abstract: Estimates from laboratory and aquarium studies were obtained of light
compensation levels for the race of monoecious hydrilla [Hydrilla verticillata (L.f.) Royle]
established in the Potomac River and of the effects of reduced light levels on plant growth
and development. Results of this investigation indicate that hydrilla growth is retarded at
Photosynthetically Active Radiation (PAR) levels below 100 mu e/m super(2)/sec. This is
approximately equivalent to Secchi disc transparency, which is 5% of incident solar PAR.
Results suggest that depth and areal distribution of hydrilla in the Potomac River will be
restricted to the limnetic zone. Growth should not occur below 1% of incident solar PAR,
and probably will not occur below the 5% level.

Steward, K.K. 1991b. Competitive interaction between monoecious hydrilla and American
eelgrass on sediments of varying fertility. Florida Sci. 54(3/4):135-147.
Abstract: Monoecious hydrilla [Hydrilla verticillata (L.f.) Royle] from the Potomac River
and American eelgrass (Vallisneria americana Michx.) were grown in monoculture and in
mixed culture on aquatic sediments of decreasing fertility to assess their ability to compete
for nutrients. Biomass yield in hydrilla decreased with decreasing fertility and increased an
average of 45% when grown intermixed with eelgrass. This was interpreted as evidence of
within species competition. Biomass yield only decreased in eelgrass when grown on sand,
evidence of lower nutrient requirements than hydrilla. Sediment fertility had little effect on
nutrient concentrations in tissues, except that concentrations were depressed when plants
were grown on sand alone. Reduced growth of hydrilla was not related to tissue
concentrations of measured nutrients. Nutrient accumulation in plant tissues was most closely
related to dry weight and was greatest in hydrilla. Potassium accumulation in plant tissues
exceeded supplies in sediments indicating potassium uptake occurred from ambient water.
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Sediment potassium concentrations were increased by plant growth in some sediment
treatments.

Keywords: aquatic plants, biomass, competition, interspecific relationships, nutrient
availability, nutrients (mineral), sediment chemistry

Steward, K.K. 1993. Seed production in monoecious and dioecious populations of hydrilla.
Aquatic Botany. 46:169-183.
Abstract: The potential for sexual reproduction was evaluated in the various races of an
international Hydrilla germplasm collection. Crosses between dioecious and monoecious
races of Hydrilla verticullata (L.f.) Royle resulted in seed production in 40 of the 56 crosses
(71%). Seeds from 90% of these crosses were viable and most seedlings survived. The
dioecious female plant, established in the US since the 1950s, has never been reported to
produce seed, but this female was discovered to be one of the greatest seed producers. This
race has been reported to be triploid, but seed from four of its five crosses were viable.
Triploids are generally sterile, so these findings raise questions about the reported ploidy
level of this race. Another observation, not previously reported for Hydrilla, was the
occurrence of monoecious offspring from dioecious parents. The reported lack of seed
production in the US for female plants of the dioecious race has been due to the absence of a
viable pollen donor.

Steward, K.K. and T.K. Van. 1987. Comparative studies of monoecious and dioecious
hydrilla (Hydrilla verticillata) biotypes. Weed Science. 35: 204-210.
Abstract: Selected biological and physiological parameters of hydrilla (Hydrilla verticillata
(L.f.) Royle No. 3 HYLLI) biotypes were compared in growth chambers, glasshouse, or
outside aquaria. Salinity tolerance was similar for both biotypes with an injury threshold of
approximately 23 parts per thousand (ppt). Tuber production in monoecious plants was
greatest under short days and was significantly higher than in dioecious plants under the
same conditions. Growth response to temperature was similar among all plants and was
retarded at 15 C. Tuber germination occurred at lower temperatures in the monoecious
plants, which was indicate of a lower temperature tolerance. Vegetative propagules were the
only perennating structures observed in the monoecious biotype, and regrowth was entirely
from tubers and turions. The annual growth habit, in conjunction with rapid and abundant
propagule production, adapts the monoecious biotype to northern area with short growing
seasons.
Key words: salinity, copper, diquat, endothall, photoperiod, temperatures, tubers, HYLL1.

Steward, K.K., T.K. Van, V. Carter, and A.H. Pieterse. 1984. Hydrilla invades Washington,
DC and the Potomac. American Journal of Botany. 71(1):162-163
Abstract: Hydrilla verticillata was found growing in the Potomac river S. of Alexandria,
Virginia, in Washington, DC and in the Chesapeake and Ohio Canal in Maryland. Cultures of
the Washington clone in Florida were monoecious and this is the 1st report of the
monoecious form in the USA. The occurrence of this monoecious form and the consequent
possibility of increased diversity through sexual reproduction may have serious consequences
on the management of this weed.
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Sutton, D.L., T.K. Van, and K.M. Portier. 1992. Growth of dioecious and monoecious
hydrilla from single tubers. J. Aquat. Plant Manage. 30:15-20.
http://apms.org/wp/wp-content/uploads/2012/10/v30p15.pdf

Abstract: Dioecious and monoecious biotypes of hydrilla (Hydrilla verticillata Royle) were

cultured outdoors in 1.0 m2 boxes filled with sand amended with fertilizer. The boxes were

placed in cement tanks filled with pond water to a depth of 0.8 m. A single sprouted tuber
was planted in the center of each box and allowed to grow for 16 weeks. Total plant dry
weight was generally higher in the summer (May to September) than in the winter

(November to late February or early March). Maximum observed biomass was 4.043 g and

4.559 g per box for dioecious and monoecious biotypes respectively. Monoecious hydrilla

produced tubers year-round, up to 6,046 per box during the summer, while tubers of the

dioecious biotype were produced only in the winter. Although monoecious hydrilla produced
an average of 56% more tubers than dioecious hydrilla, the average individual weight of
monoecious tubers was 32% less than for dioecious tubers. Tubers produced by both hydrilla
biotypes were uniformly distributed horizontally in low numbers in the middle of the box and
increased in number towards the sides and corners. These data demonstrate tremendous
growth potential of a single hydrilla tuber under favorable conditions such as those found in

Florida.

Key words: Aquatic plants, Hydrilla verticillata, propagules, biotypes.

Twilley, R.R. and J.W. Barko. 1990. The growth of submersed macrophytes under
experimental salinity and light conditions. Estuaries. 13(3):311-321.
Abstract: The growth, morphology, and chemical composition ofHydrilla verticillata,
Myriophyllum spicatum, Potamogeton perfoliatus, and Vallisneria americana were compared
among different salinity and light conditions. Plants were grown in microcosms (1.2 m s)
under ambient photoperiod adjusted to 50% and 8% of solar radiation. The culture solution in
five pairs of tanks was gradually adjusted to salinities of 0, 2, 4, 6, and 12%. With the
exception of H. verticillata, the aquatic macrophytes examined may be considered eurysaline
species that are able to adapt to salinities one-third the strength of sea water. With increasing
salinity, the inflorescence production decreased in M. spicatum and P. perfoliatus, yet
asexual reproduction in the latter species by underground buds remained constant. Stem
elongation increased in response to shading in M. spicatum, while shaded P. pcrfoliatus had
higher concentrations of chlorophyll a. In association with high epiphytic mass, chlorophyll a
concentrations in all species were greatest at 12%-~ The concentration of sodium increased in
all four species of aquatic macrophytes examined here, indicating that these macrophytes did
not possess mechanisms to exclude this ion. The nitrogen content () of the aquatic
macrophytes tested increased significantly with higher sodium concentration (X), suggesting
that nitrogen may be utilized in osmoregulation (Y = X x 0.288 + 6.10, r 2 =0.71). The
tolerance of V. americana and P. petfoliatus to salinity was greater in our study compared to
other investigations. This may be associated with experimental methodology, whereby
macrophytes were subjected to more gradual rather than abrupt changes in salinity. The two
macrophytes best adapted to estuarine conditions in this study by exhibiting growth up to
12%0, including M. spicatum and V. americana, also exhibited a greater degree of response
in morphology, tissue chemistry (including chlorophyll content and total nitrogen), and
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reproductive output in response to varying salinity and light conditions.

Van, T.K. 1989. Differential responses to photoperiods in monoecious and dioecious
Hydrilla verticillata.Weed Science. 37:552-556.
Abstract: Growth and morphology of two U.S. hydrilla biotypes grown under 10- and 16-h
photoperiods in outdoor aquaria were investigated. The dioecious hydrilla biotype elongated
extensively under both photoperiods and reached the water surface within 2 to 3 weeks after
planting. In contrast, the monoecious biotype grew more densely near the sediment, primarily
by producing a high number of horizontal stems, root crowns, and higher shoot densities.
Monoecious hydrilla grown from tubers produced new tubers after 4 weeks of exposure to
the 10-h photoperiod, and the number of tubers produced was five- to sevenfold higher in the
monoecious than in the dioecious biotype. Furthermore, monoecious hydrilla produced tubers
under both 10- and 16-h photoperiods, with tuber production much higher under the shorter
photoperiod. Dioecious hydrilla grown from tubers under similar conditions produced new
tubers after 8 weeks only under the 10-h photoperiod. No tubers were produced by the
dioecious biotype throughout a 10-week exposure to the 16-h photoperiod.

Van, T.K. and K.K. Steward. 1990. Longevity of monoecious hydrilla propagules. J. Aquat.
Plant Manage. 28:74-76.
http://apms.org/1990/12/journal-of-aquatic-plant-management-volume-28-1990/

Abstract: In 1984, a long-term study of tuber longevity in monoecious hydrilla (Hydrilla

verticillata ) was initiated in Fort Lauderdale, Florida. Plants were grown and allowed to

produce tubers and turions from September 1984 to June 1985. Manipulation was done to
prevent plants from making new propagules after June 1985. The plants were harvested
quarterly thereafter to determine the persistence in soil of the propagule populations. Tubers
survived in undisturbed sediment for a period of over 4 years after being produced, whereas
turions germinated readily and expired after 1 year. Persistence of monoecious hydrilla
tubers appeared to be regulated by an environmentally-imposed enforced dormancy which
prevented a rapid depletion of the tuber population through excessive germination in situ.

The life span differences between tubers and turions support the notion that these two types

of hydrilla propagules represent different reproductive strategies.

Key words: tubers, turions, reproduction, viability, dormancy, survival.

Van, T.K., Steward, K.K., and Conant, R.D., Jr. 1987. Responses of monoecious and
dioecious hydrilla (Hydrilla verticillata) to various concentrations and exposures of
diquat. Weed Science. 35(2):247-52.

Abstract: Control of monoecious and dioecious hydrilla [Hydrilla verticillata (L.f.) Royles

#3 HYLL1] biotypes required a minimum of 2 days exposure to diquat (6,7-dihydrodipyrido

[1,2-02’,1°-c] pyrazinediium ion) at a concentration of .25 mg/L under laboratory conditions.

When treatment concentration was increased to 2.0 mg/L diquat, the minimum required

contact time was reduced to 6 or 12 h depending on plant growth stage. Early growth

emerging from sprouting tubers appeared to be more susceptible to diquat treatments.

Herbicide uptake was linear during the 4-day exposure to 14C-diquat up to 1.0 mg/L, and the

amounts of radio-activity in plant tissue varied proportionally with ambient levels of 14C-
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diquat in the water. The lethal concentration of diquat in hydrilla tissue was estimated to be
81ug/g plant dry weight when hydrilla was exposed to diquat at 0.25 mg/L for 2 days.
Keywords: Herbicide uptake, bioconcentration factor, lethal concentration contact time,
aquatic weed, HYLL1.

Van, T.K. and V.V. Vandiver Jr. 1992. Response of monoecious and dioecious hydrilla to
bensulfuron methyl . Journal of Aquatic Plant Management. 30:41-44,
http://apms.org/wp/wp-content/uploads/2012/10/v30p41.pdf

Abstract: The relationship between herbicide concn and exposure time was determined for

bensulfuron-methyl used for the control of monoecious and dioecious hydrilla (Hydrilla

verticillata) grown in large outdoor tanks at Fort Lauderdale during 1990-91. Twenty
combinations of bensulfuron-methyl concn and exposure time were tested: concn included

0.05, 0.10 and 0.20 mg/litre; exposure times ranged from 3 to 42 d. Plant responses to

bensulfuron-methyl were monitored over a period of 6 months after herbicide application.

Severe plant damage was observed in all treatments after 1 month. However, regrowth

occurred rapidly where herbicide exposure was limited to <14 d. Greatest reductions in plant

growth and tuber production were obtained following 42 d of exposure. Application of 0.05

mg bensulfuron-methyl for 42 d reduced tuber production after 6 months by 81 and 93% in

monoecious and dioecious hydrilla, resp. It was suggested that caution should be exercised in
the application of bensulfuron-methyl for the control of hydrilla in high water exchange
environments due to the herbicide's long exposure time requirements.

Verkleij, J.A.C, A.H. Pieterse, G.J.T. Horneman, and M. Torenbeek. 1983. A comparative
study of the morphology and isoenzyme patterns of Hydrilla verticillata (L.f.) Royle.
Aquat. Bot. 17:43-59.
Abstract: The genetic variability of Hydrilla verticillata (L.f.) Royle, a submerged aquatic
weed which is becoming increasingly troublesome in tropical and sub-tropical areas, was
estimated by comparing the morphology and isoenzyme patterns of various plants, collected
from different parts of the world, after cultivation under similar conditions. It appeared that
large genetic differences occur within the species which could be explained by the fact that
its geographical range is extremely wide and disjointed. According to the isoenzyme patterns
it may be presumed that the plants which were collected in the United States, with the
exception of one from Washington, DC, are probably ramets of the same clone. A prolonged
geographical isolation of Eastern European plants seems likely as a plant from Poland
showed strongly deviating isoenzyme patterns. The individuals from a population of
monoecious plants in Lake Curug in Indonesia showed differences in their isoenzyme
patterns, but were morphologically very similar. The general appearance of certain plants,
especially those from New Zealand and Kashmir, was relatively slender and delicate,
whereas other plants, like those from Indonesia and Malaysia, were relatively robust. The
chromosome numbers were either 16 or 24. There were no correlations between
morphological data, isoenzyme patterns and chromosome numbers. The large genetic
variations might imply differences in survival strategy which could have consequences for
the control of this weed.
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Weakley, A. S. 2012. Flora of the Southern and Mid-Atlantic States. The University of North
Carolina Herbarium. Available online: http://www.herbarium.unc.edu/flora.htm.

Wilde, S.B., T.M. Murphy, C.P. Hope, S.K. Habrun, J. Kempton, A. Birrenkott, F. Wiley,
W.W. Bowerman, and A.J. Lewitus. 2005. Avian vacuolar myelinopathy linked to
exotic aquatic plants and a novel cyanobacterial species. Environ. Toxicol. 20:348—
353.
Abstract: Invasions of exotic species have created environmental havoc through competition
and displacement of native plants and animals. The introduction of hydrilla (Hydrilla
verticillata) into the United States in the 1960s has been detrimental to navigation, power
generation, water intake, and water quality (McCann et al., 1996). Our field surveys and
feeding studies have now implicated exotic hydrilla and associated epiphytic cyanobacterial
species as a link to avian vacuolar myelinopathy (AVM), an emerging avian disease affecting
herbivorous waterbirds and their avian predators. AVM, first reported in 1994, has caused the
death of at least 100 bald eagles (Haliaeetus leucocephalus) and thousands of American coots
(Fulica americana) at 11 sites from Texas to North Carolina (Thomas et al., 1998; Rocke et
al., 2002). Our working hypothesis is that the agent of this disease is an uncharacterized
neurotoxin produced by a novel cyanobacterial epiphyte of the order Stigonematales. This
undescribed species covers up to 95% of the surface area of leaves in reservoirs where bird
deaths have occurred from the disease. In addition, this species is rare or not found on
hydrilla collected at sites where AVM disease has not been diagnosed. Laboratory feeding
trials and a sentinel bird study using naturally occurring blooms of cyanobacteria on hydrilla
leaves and farm-raised mallard ducks (Anas platyrhynchos) induced the disease
experimentally. Since 1994 AVM has been diagnosed in additional sites from Texas to North
Carolina. Specific site characteristics that produce the disjunct distribution of AVM are
unknown, but it is probable that the incidence of this disease will increase with the
introduction of hydrilla and associated cyanobacterial species into additional ponds, lakes,
and reservoirs.

Williams, S.K., J. Kempton, S.B. Wilde, and A. Lewitus. 2007. A novel epiphytic
cyanobacterium associated with reservoirs affected by avian vacuolar myelinopathy.
Harmful Algae. 6:343-353.

Abstract: Avian vacuolar myelinopathy (AVM) is a newly discovered bird disease, which is

killing bald eagles (Haliaeetus leucocephalus) and waterfowl in the southeastern United

States. Surveys were conducted to investigate exotic macrophytes (e.g. Hydrilla verticillata)

as a substrate for attachment by toxic cyanobacteria that may be associated with the

incidence of AVM. While the specific cause of the disease has not been confirmed, one
hypothesis is that birds ingest a neurotoxin produced by cyanobacteria epiphytic on
macrophytes. A strong relationship was found between the ficld abundance of a specific
undescribed epiphytic cyanobacterium and the incidence of AVM. The undescribed species
is a filamentous, heterocystous, true branching cyanobacterium. Morphological
characteristics place the cyanobacterium in section V, order Stigonematales. The 16S rRNA
sequence identity was determined from environmental isolates of this unknown

Stigonematalan species using DGGE (denaturing gradient gel electrophoresis). The 16S
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rRNA sequence data were aligned with additional cyanobacteria sequences to determine
designations for probe development, to lay groundwork for its formal description and to
advance understanding of the species’ phylogeny. Real-time PCR assays were developed for
rapid, specific detection of the Stigonematales species from environmental samples. The
genetic probe produced by this study will help test the hypothesized link between these
cyanobacteria and AVM, and therefore help guide decisions on managing hydrilla and other
invasive macrophytes in AVM-affected waters.

Keywords: Avian vacuolar myelinopathy (AVM); Cyanobacteria; Fulica americana;
Haliaeetus leucocephalus; Hydrilla; Real-time PCR; Stigonematales; 16S

Yeo, R. R., R. H. Falk and J. R. Thurston. 1984. The morphology of Hydrilla (Hydrilla
verticillata (L.f.) Royle). Journal of Aquatic Plant Management 22: 1-17.
http://apms.org/wp/wp-content/uploads/2012/10/v22p1.pdf

Abstract: Light and scanning electron microscopic examination of H. verticillata revealed the

presence of small dormant axillary buds that form at the base of larger dominant axillary

buds, turions forming on apices of branches, asexual reproductive structures (lateral stem
buds) that develop near the base of vertical stems, and abscission layers at the base of
axillary turions and lateral stem buds.

157



