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Abstract: Haematobia irritans is an obligate bloodsucking ectoparasite of cattle and is the global
major pest of livestock production. Currently, H. irritans management is largely dependent upon
broad-spectrum pesticides, which lately has led to the development of insecticide resistance. Thus,
alternative control methods are necessary. Endophyte-infected grasses have been studied as an
alternative due to their capability to biosynthesize alkaloids associated with anti-insect activities.
Thus, the main aim of this study was to evaluate the antifeedant and repellent activity of lolines
obtained from endophyte-infected tall fescue against H. irritans adults in laboratory conditions.
The alkaloid extract (ALKE) was obtained by acid–base extraction. N-formyl loline (NFL) and N-
acetyl loline (NAL) were isolated by preparative thin layer chromatography (pTLC) and column
chromatography (CC), and the loline was prepared by acid hydrolysis of a NFL/NAL mixture.
Loline identification was performed by gas chromatography coupled to mass spectrometry (GC/MS).
Feeding behavior was evaluated by a non-choice test, and olfactory response was evaluated using
a Y-tube olfactometer. Accordingly, all samples showed antifeedant activities. NFL was the most
antifeedant compound at 0.5 µg/µL and 1.0 µg/µL, and it was statistically equal to NAL but different
to loline; however, NAL was not statistically different to loline. NFL and NAL at 0.25 µg/µL were
more active than loline. All samples except loline exhibited spatial repellency in the olfactometer.
Thus, the little or non-adverse effects for cattle and beneficial activities of those lolines make them
suitable candidates for horn fly management.

Keywords: loline alkaloids; lolines; horn flies; Haematobia irritans; antifeedant agents; repellent effect

1. Introduction

Haematobia irritans irritans (L.) (Diptera: Muscidae), commonly named the horn fly,
is an obligate bloodsucking ectoparasite of cattle [1] and it is considered one of the major
global pests of livestock production [2]. It is a little dark gray fly of between 2 and 5 mm
in length, which makes it the smallest biting fly that attacks beef cattle [3,4]. It can also
parasitize horses, water buffalo, sheep, goats, and some non-domesticated mammals [5,6].
H. irritans is widely distributed, preferentially in tropical, subtropical, and some temper-
ate regions of the Northern Hemisphere [7], including Europe, Asia Minor, and North
Africa. In the Americas, H. irritans ranges from southern Canada to temperate areas of
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Argentina, Uruguay [8–11], and Chile [11]. In 1968, some colonies of horn flies were
found in Chile for the first time, but they disappeared [12]. The species was definitively
established in 1993 [11,12]. Currently in Chile, H. irritans is found between the regions
of Arica y Parinacota and Aysén and it emerges from November until May, showing a
large population from December until March [12]. Both H. irritans sexes use their piercing
proboscis to feed on cattle 24–38 times per day [5], causing annoyance and alteration of
grazing behavior, especially when the animals suffer a massive infestation (>200 horn flies
per animal) [13–15]. This provokes a reduction in feed conversion efficiency and reduced
milk production and weight gain [5,15–18]. One beef cattle can be parasitized by up to
4000 horn flies and can lose approximately 0.25 kg per day [7], whilst dairy cow milk
yield can decline by 20% [19,20]. In the United States, the damages caused by the horn fly
cost USD 1 billion each year, including costs of chemical protection [1,5,21,22], whereas
annual losses in Brazil were estimated to be between USD 150 million and USD 2.56 billion
in 2012 [23]. In Chile, the annual economic losses caused by H. irritans were estimated
at CLP 25,800 million [24,25], equivalent to USD 45 million (January 2001). This did not
consider the losses produced by the decrease in reproductive efficiency and losses in leather
quality [26].

Management of H. irritans is largely dependent on broad-spectrum pesticide use,
mainly organophosphates and pyrethroids. Unfortunately, pesticides are highly persis-
tent, harmful to the environment, they have significant residual toxicity, and have led
to the development of insecticide resistance [27–29]. Due to this resistance and negative
environmental effects, alternative control methods are necessary to deal with this pest.
Over the last decade, the use of grasses infected with endophytic fungi has been proposed
as an alternative [30,31]. These fungi grow in plant tissues and are capable of having a
mutualistic relationship with the host. The fungi receive nutrients and protection from the
host, and the host receives protective agents against hydric stress, extreme temperatures,
and herbivory [32–34]. Fungal endophytes, mainly species from the Neotyphodium genus,
in their symbiotic associations with grasses are able to biosynthesize up to four classes of
alkaloids: ergot alkaloids, indole–diterpene alkaloids, lolines, and peramine [35], although
no individual fungal isolate is known to produce representatives of all four classes [36].

Differences in the horn fly load on cattle affected by endophyte infection of pastures
have been described [30]. When cattle were grazed in endophyte-infected tall fescue
pastures, a decrease in the fly load of up to 50.5% was observed [37]. Additionally, cattle
dung from steers that fed on infected tall fescue was associated with an 80–90% H. irritans
larval mortality [30,31] and only 29% adult emergence from pupae [31]. Also, lolitrem
B, an indole–diterpene alkaloid, and peramine were present in the dung of steers fed on
N. coenophialum-infected tall fescue pastures [31]. In another study, alkaloids extracted
from endophyte-infected tall fescue seed containing N-formyl loline (NFL), N-acetyl loline
(NAL), and loline (Figure 1) (59:21:20 by mass, respectively) caused 100% mortality of
first-instar horn fly larvae when bovine dung was supplemented with the extract. When
dung was supplemented with acyl loline derivatives, NFL was more toxic than NAL,
whilst loline hydrochloride was not toxic [38]. In a factorial combination study, first-instar
H. irritans larvae were exposed to heifer dung supplemented with a mixture of NFL and
ergotamine tartrate (EAT). In the absence of EAT, NFL caused a dose-dependent linear
decline in the number of pupae that recovered. In the absence of NFL, EAT showed
significant quadratic responses in H. irritans larvae [39]. Despite benefits to the control of
H. irritans, ergot alkaloids and indole–diterpene alkaloids have been related to the fescue
toxicosis syndrome in livestock [40]. On the other hand, peramine and lolines have not been
associated with toxic effects on cattle and they have showed insecticidal activity against a
wide diversity of insects [41–44]. Despite the above, there is no information about the effect
of loline alkaloids on the adult stage of H. irritans. Therefore, the main aim of this study
was to evaluate the antifeedant effects and repellent activity of loline alkaloids obtained
from endophyte-infected tall fescue against H. irritans adults in laboratory conditions.
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Figure 1. Chemical structures of loline alkaloids.

2. Results

Fifteen steers were fed on endophyte-free tall fescue pasture (E−). Afterward,
endophyte-infected tall fescue (E+), steer blood, and horn flies from steers fed on tall
fescue (E−) were sampled. An orange-brown oil (0.2378 g, 0.079% w/w on a dry matter
basis) corresponding to the alkaloid extracts (ALKE) was obtained by acid–base extraction
from tall fescue (E+) that was 97% infected with Neotyphodium coenophiaum. A yellow oil
(0.092 g) corresponding to a 1:1 N-formyl loline/N-acetyl loline mixture (NFL/NAL) was
obtained from ALKE by preparative thin layer chromatography (pTLC). Two pale-yellow
oils corresponding to NFL (4.8 mg) and NAL (6.9 mg) were obtained from the NFL/NAL
mixture by column chromatography, and another pale-yellow oil, corresponding to loline
(8.6 mg; 55.8 µmol; 35.3%), was yielded by the acid hydrolysis of the NFL/NAL mixture.

Loline alkaloid analysis and identification were performed by comparing retention
times and mass spectrums from gas chromatography coupled to mass spectrometry
(GC/MS) analysis with those of commercial standards. Accordingly, NFL and NAL were
present in ALKE in the same proportion, corresponding to 90.14% of the total detected
chromatographic signals. The remainder that was detected corresponded to a few alkaline
compounds and long-chain saturated alcohols. Only NFL and NAL were detected in the
alkaloid mixture in a 1:1 proportion, indicating the success of the purification process.
The GC analysis of the two oils obtained from NFL/NAL mixture separation by column
chromatography (CC) showed that one oil contained 95.2% NFL and the other contained
95.0% NAL, proving that NFL and NFL separation from the loline mixture was a success.
In the same way, the oil obtained from the NFL/NAL hydrolysis presented 96.1% loline,
indicating the success of the chemical modification. Thus, five alkaloidal samples were
obtained: (a) ALKE obtained directly from tall fescue (E+), (b) NFL/NAL mixture, (c) NFL,
(d) NAL, and (e) loline obtained from hydrolysis of the NFL/NAL mixture. All samples
were used in the bioassays against horn flies.

In the antifeedant assay (Figure 2), all samples showed antifeedant activities and a
concentration-dependent response was observed. Fly mortality was recorded during the
bioassays, yet significant differences were not observed in relation to the control. Data
analysis showed that the interaction among all the variables was significant (F = 5.41;
df = 12, 40; p < 0.05). Particularly, some differences were observed among all alkaloidal
samples against the blank (F = 22.2; df = 4, 40; p < 0.05) and among the three treatment
doses (F = 298.75; df = 3, 40; p < 0.05). ALKE and loline significantly reduced the horn
fly feeding by 63.1% and 35.5%, respectively, at 0.5 µg µL−1 concentration and 79.6% and
57.6%, respectively, at 1.0 µg µL−1 concentration. However, they were not antifeedant
agents at 0.25 µg µL−1 when compared with the blank. The NFL/NAL mixture, NFL, and
NAL significantly reduced the horn fly feeding at all doses evaluated. The mixture showed
80.9%, 70.0%, and 46.7% antifeedancy at 1.0, 0.5, and 0.25 µg µL−1, respectively; NFL
elicited 80.1%, 63.3%, and 42.4% antifeedancy at 1.0, 0.5, and 0.25 µg µL−1, respectively;
and NFL generated 62.8%, 53.3%, and 37.2% antifeedancy at 1.0, 0.5, and 0.25 µg µL−1,
respectively (Figure 2). Comparing among treatments, less than 20.4% of the flies fed when
they were exposed to ALKE, NAL/NFL mixture, or NFL at 1.0 µg µL−1, this being the
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major antifeedant activity. They did not differ significantly from the ALKE, NAL/NFL
mixture, NFL, or NAL at 0.5 µg µL−1. On the contrary, 35.5% of flies did not feed when
they were exposed to loline at 0.5 µg µL−1, being the less active treatment and equally
significant to the NFL/NAL mixture, NFL, and NAL at 0.25 µg µL−1 and NAL at 0.5 µg
µL−1. Among the pure lolines at 1.0 and 0.5 µg µL−1, NFL was the most active compound,
being statistically equal to NAL but different to loline. However, NAL was not statistically
different to loline. NFL and NAL at 0.25 µg µL−1 were statistically more active than loline.

Figure 2. Antifeedancy levels of the alkaloid extract (ALKE) and lolines against horn flies at three concentrations (0.25, 0.50,
and 1.00 µg µL−1) in laboratory bioassays compared to a blank. Values indicate the mean + SE. Letters on the columns
indicate significant differences between the treatments and the blank based on the Tukey HSD test (p ≤ 0.05), N = 30.

In the olfactory test, the Y-tube olfactometer allowed demonstration of the repellency
provoked by four of the five alkaloidal samples tested (Figure 3). ALKE, the NAL/NFL
mixture, NFL, and NAL exhibited spatial repellency in the olfactometer, where 63.3%,
66.7%, 70.0%, and 68.0% of the individuals chose the control, respectively. It was signifi-
cantly different from the 33% and 30% of flies that chose the NFL/NAL mixture and NFL,
respectively (p ≤ 0.01), and significantly different from the 36.7% and 32% of flies that
chose ALKE and NAL, respectively (p≤ 0.05). On the other hand, the 46.7% of the flies that
chose loline did not differ significantly from the 53.3% of the flies that chose the control.
Thus, loline was not a repellent agent against horn flies.
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Figure 3. Olfactory response of horn flies to alkaloid extract and lolines. Values indicate the
mean + SE. Asterisks on the bars indicate significant differences between the treatments and control
based on the Tukey HSD test (* p ≤ 0.05, ** p ≤ 0.01), N = 60.

3. Discussion

The antifeedant effects and repellent activity of loline alkaloids against horn flies
determined here appear not to be an exception to the anti-insect activities of lolines. Since
the beginning of the 1990s, the insect dissuasion and insecticidal activity of loline alkaloids
has been well documented [38,39,42,45–51]. Grass–endophyte symbiota, alkaloidal frac-
tions containing lolines, and isolated lolines have been correlated with toxic, antifeedant,
or repellent effects on a variety of insects in different biological stages. Oncopeltus fa-
ciatus (Hemiptera: Lygaeidae) [45], Rhopalosiphum padi (Hemiptera: Aphididae) [46,47],
Schizaphis graminum (Hemiptera: Aphididae) [46–48], Aulacorthum solani (Hemiptera: Aphi-
didae) [49], Popillia japonica (Coleoptera: Scarabaeidae) [50], Spodoptera frugiperda (Lepi-
doptera: Noctuidae) [48], Ostrinia nubilalis (Lepidoptera: Crambidae) [48], Euplectrus com-
stockii, and Euplectrus plathypenae (Hymenoptera: Eulophidae) [51] are some of species
affected by loline alkaloids. In the studies performed by Siegel et al. [46] on R. padi and
S. graminum, the loline concentrations in grass–endophyte plants were at least three times
higher than the loline concentrations used in the present study. Also, lolines were al-
ways found to be associated with other anti-insect alkaloids. Similarly, in the studies on
S. frugiperda and O. nubilalis [48] and P. japonica [50], the loline concentrations (≥ 500 ppm)
producing antifeedant effects were higher than concentrations evaluated here. On the
contrary, in the studies performed by Wilkinson et al. [47] against R. padi and S. graminum,
the loline concentrations in plants were similar (ranging from 67 to 192 ppm) to the concen-
tration used in the current study, except in one case where it was higher (ranging from 366
to 6060 ppm).

Despite the insect-deterring and insecticidal activity of loline alkaloids that has been
described, only two studies have been published about the effects of loline alkaloids
on H. irritans [38,39]. Dougherty et al. [38] determined that the mortality of H. irritans
larvae in bovine dung that was supplemented with NFL was slightly higher than with
NAL, whilst loline hydrochloride was not active. Although the presence of lolines in
bovine dung from grazing animals has not been demonstrated [52,53], a higher activity
of acyl loline derivatives than loline was established, as in the present case, where NFL
and NAL were significantly more active than loline in antifeedant assays and olfactory
responses. Also, Dougherty et al. [39] determined that ergotamine tartrate moderated
the toxicity of NFL when H. irritans larvae were exposed to dung supplemented with
a mixture of NFL and EAT, and that NFL was lethal for larvae, causing a linear dose-
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dependent reduction of the pupation. However, abnormalities of pupae or adults were
not observed. It should be noted that just larvae and pupae H. irritans were the target in
those previous studies [38,39]. Therefore, the present study is the first report about the
effects of loline alkaloids against adult horn flies. Moreover, from studies performed by
Dougherty et al. [38], Riedell et al. [48], and Schardl et al. [42], it can be clearly appreciated
that 1-amine group substituents (Figure 1) are important in anti-insect activity, and the
present study is no exception, as it has been demonstrated that the antifeedant activity of
lolines was modulated by the substituent to the N-methyl group, whereas the lolines with
a N-COH group, and to a lesser extent, with the N-COCH3 group, exhibited higher activity
when compared to non-substituted loline. Despite this, the acyl loline isolation was not
easy, time-consuming, and had poor yield, and considering that the performance of the
1:1 NFL/NAL mixture was statistically equal to or better than the acyl derivatives’ activity,
it is advisable to use the mixture in future studies.

Deterrence and insecticidal effects of other natural substances against the adult stage
of H. irritans have been reported [37,53–68]. Nevertheless, those studies have focused
on establishing the toxic and repellent effects on horn flies. Only three studies about the
antifeedant effect against horn flies have been published [54–56]. Showler and Harlien [54]
reported that p-anisaldehyde completely deterred feeding from cotton pads soaked in
bovine blood in response to 0.5 mL of p-anisaldehyde solutions at 0.6% up to 10% in
acetone—doses almost 30 to 500 times higher than the maximum dose used in the present
study—but horn flies were not repelled by p-anisaldehyde in static air tube olfactometers.
On contrary, antifeedant effects were not detected using laboratory-grade limonene and
a commercial limonene-based insecticide (Orange Guard) by the same bioassay [55], but
those products attracted horn flies at concentrations <0.1%. Although in those studies,
the reduction of the number of flies on the bloody pads in comparison to the blank was
considered as an antifeedant effect, there was no evidence of blood consumption. In another
study, Zhu et al. [56] reported that catnip oil, geraniol, and a 1:1:1 mixture of octanoic,
nonanoic, and decanoic acids, collectively called “C8910 acids”, did reduce horn fly feeding
in a laboratory bioassay and also exhibited spatial repellency in the olfactometer, where
fewer than 15% of the flies fed when exposed to 0.2 or 2 mg of repellent. In the present
study, ALKE, a 1:1 NFL/NAL mixture, NFL, and NAL reduced horn fly feeding, where
fewer than 25% of the flies fed when exposed to 0.1 mg (100 µL of 1 µg µL−1 solution) of
repellent (Figure 2), only half of the lower dose tested by Zhu et al. [56]. Mullens et al. [57]
had previously tested the repellent effects of “C8910 acids” on horn flies based on reduction
in horn fly fecal spots, where 1 mg cm−2 of “C8910 acids” repelled horn flies for at least
3 days in a laboratory assay. In the present study, the Y-tube olfactometer demonstrated
repellency for all antifeedant agents, where over 63.3% of flies exposed to 10 µg of sample
chose the control, showing less activity than the repellents used by Zhu et al. [56] at the
same dose (>90% of flies chose the control).

In other Y-tube olfactometer studies, 2-decanone repelled horn flies at 1 µg and 0.01 µg,
where over 70% of flies chose the control arm [58], but by using amounts 10 and 1000 times
lower, respectively, than the dose used in the present study. Using a different apparatus,
Klauck et al. [59] showed in an in vitro assay that 2 mL of 5% tea tree, Melaleuca alternifolia
(Myrtales: Myrtaceae), and andiroba, Carapa guianensis (Sapindales: Meliaceae), essential
oils (EOs) had a repellent effect on horn flies at 1 h and 2 h, respectively, after exposure.
Additionally, both EOs (10 mL at 5%) demonstrated repellency at 24 h on infested cows,
where 61.6% and 57.7% fewer flies, respectively, were on the treated cows than the control
animals [60].

The strong anti-insect activities of loline alkaloids have been demonstrated. Although
earlier studies with lolines have informed some in vitro vascular effects at extremely high
concentrations [69,70], lolines could not be tied to toxicity to livestock and mammalian
wildlife [42–44,71]. Current evidence using mice suggests that lolines have very low or non-
toxicity on animals. In the 3-week experiment, the loline treatment caused no statistically



Molecules 2021, 26, 817 7 of 12

significant effect on heart rate, blood pressure, motor coordination, haematological or
serum biochemical parameters, or histopathological examination [44].

In summary, in the present study, all alkaloidal samples obtained directly and indi-
rectly from N. coenophialum-infected tall fescue were antifeedant agents against horn flies,
significantly reducing the horn fly feeding by between 35.5% and 80.9%. Additionally,
ALKE, 1:1 NFL/NAL mixture, and both acyl derivatives were repellent agents of horn
flies, producing over 63.3% repellency, and mortality of flies due to those antifeedant and
repellent agents was negligible at the tested doses. Therefore, the minor or non-adverse
effects for cattle and beneficial activities of those lolines make them suitable candidates for
horn fly management, although further field studies related to the antifeedancy, toxicity,
and repellence promoted by loline alkaloids are necessary.

4. Materials and Methods
4.1. H. irritans Collection

Laboratory bioassays were conducted using wild horn flies collected from beef cattle
according to Oyarzún et al. [58], with modifications. Fifteen steers fed on endophyte-free
tall fescue pastures were placed in a corridor at Centro Regional de Investigación INIA
Carillanca, Vilcún, Chile (38◦41′ SL, 72◦25′ WL, 200 masl). Then, horn flies feeding on
steers were hand-collected and trapped in a 1 L glass flask per bovine (50–60 insects per
flask), which were subsequently sealed with an entomological net and were transported to
the laboratory. Once in the laboratory, the horn flies were pooled together and maintained
at 25 ± 2 ◦C under a light:dark photoperiod of 12:12 h with variable humidity (30–50%).

4.2. Plant Material

Festuca arundinacea cultivar K-31 plants infected with Neotyphodium coenophiaum were
collected in December 2019 from an experimental fescue pasture located at Centro Regional
de Investigación INIA Carillanca, Vilcún, Chile (38◦41′ SL, 72◦25′ WL, 200 masl). The endo-
phytic fungi presence in the cultivar was checked by the method described by Belanger [72]
and Saha et al. [73] Briefly, tissues of the bark, sheath, leaves, and stem were placed on a
glass slide. Then, 1–2 drops of rose bengal staining solution (0.5% rose bengal dissolved in
5% aqueous solution of ethanol (w/v) [73]) were applied to the sample for 30–60 s, and it
was covered with a coverslip. The stained tissues were examined microscopically (400×).
A positive result was considered when association between plants and hyphae in the region
of the aleurone layer was observed.

4.3. Alkaloid Extract Obtention

Oven-dried and milled plant material (300 g) was defatted with petroleum ether
(35–60 ◦C) and extracted with methanol using a Soxhlet apparatus over a period of 8 h.
The suspension that was obtained was filtered through filter paper, and the resulting
methanolic extract was evaporated under reduced pressure on a rotatory evaporator. The
syrupy residue was agitated with 250 mL 0.75% HCl for 1 h at 35 ◦C and filtered through a
frit funnel. The clear filtrate was washed with CH2Cl2 (5 × 20 mL). The aqueous phase
was adjusted to pH 10 with NH4OH and extracted with CH2Cl2 until the extracts gave
a negative Dragendorff reaction. Finally, the organic layer was dried with anhydrous
Na2SO4 and the evaporation of the solvent yielded an orange-brown oil corresponding to
the alkaloid extract (ALKE) (0.2378 g).

4.4. N-Formyl Loline and N-Acetyl Loline Isolation

In a 10 mL flask, the alkaloid extract (0.1824 g) was diluted in CH2Cl2 (4 mL) and the
solution was seeded onto a 20 × 20 cm preparative glass chromatoplate coated with 1 mm
silica gel (60F254, Merck, Darmstadt, Germany). The plates were developed three times
using CH2Cl2-MeOH-NH4OH (49.5:49.5:1.0) and examined under UV light at 254 nm. Dra-
gendorff reagent was used to assess for the presence of alkaloids. The alkaloid-containing
bands of Rf = 0.70 were removed from the chromatoplate and extracted using CH2Cl2–
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MeOH (7:3). Subsequently, the suspension was vacuum-filtered, dried with anhydrous
sodium sulfate, filtered, and evaporated to dryness using a rotatory evaporator to yield a
yellow oil corresponding to a mixture of N-formyl loline and N-acetyl loline (NFL/NAL
1:1; 0.092 g). The NFL/NAL mixture (0.060 g) was separated by column chromatography
(CC) using silica gel 60 (70–230 mesh ASTM, Merck KGaA, Darmstadt, Germany). The
CC was eluted using a CH2Cl2–MeOH step gradient. The alkaloids in each fraction were
obtained after having been dried with anhydrous sodium sulfate, filtered, and evaporated
to dryness by rotatory evaporator to yield two pale-yellow oils corresponding to N-formyl
loline (0.0048 g) and N-acetyl loline (0.0069 g). The products were analyzed by GC/MS
(NFL RT: 12.81 min; MS data (m/z): 182.0 [M]+, 167.5, 153.9, 137.9, 123.1, 109.9, 94.9, 81.8
base pick; NAL RT: 14.16 min; MS data (m/z): 195.9 [M]+, 166.9, 152.9, 137.9, 122.9, 109.9,
94.9, 81.8 base pick) and they were compared with a commercial standard of N-formyl
loline and N-acetyl loline (AgResearch, Hamilton, New Zealand).

4.5. Loline Preparation

In a 5 mL round-bottom flask, an NFL/NAL mixture (1:1) (0.031 g; NAL: 79.0 µmol,
NFL: 85.1 µmol) was treated with 5% HCl (1 mL) and sonicated at 60 ◦C for 4 h. After,
the reaction mixture was alkalinized up to pH 12 with 37% NH4OH. The mixture was
suspended in CH2Cl2 (5 mL) and successively extracted with CH2Cl2 (3 × 5 mL). The
organic layer was dried with anhydrous sodium sulfate, filtered, and evaporated to dryness
using a rotatory evaporator to yield a pale-yellow oil corresponding to loline (8.6 mg;
55.8 µmol; 35.3%). The product was analyzed by GC/MS (RT: 5.10 min; MS data (m/z):
153.9 [M]+, 136.9, 122.9, 109.6, 94.9, 81.8 base pick) and it was compared with a commercial
standard of loline (Chemfaces, Wuhan, China).

4.6. Analyses of Loline Alkaloids by GC/MS

The analyses of the alkaloid extract (ALKE) and lolines were performed by GC/MS,
using the following instrumentation: a Thermo Electron Model Focus GC (Waltham, MA,
USA) coupled to a DSQ Thermo Electron quadrupole mass spectrometric detector, with an
integrated data system (Xcalibur 2.0, Thermo Fisher Scientific Inc., Waltham, MA, USA)
and a 30 m length BPX5 capillary column (0.25 µm film thickness× 0.25 mm i.d., SGE Forte,
Trajan Scientific and Medical, Ringwood, Victoria, Australia). The operating conditions
were as follows: on-column injection; injector, transfer line, and detector temperature,
250 ◦C; oven temperature program: 110 ◦C increased to 188 ◦C at 4 ◦C min−1, and then
maintained for 5 min. Subsequently, it was increased to 250 ◦C at 10 ◦C min−1, and finally
maintained at 250 ◦C for 5 min. He at 1.00 mL min−1 was used as carrier gas. The mass
spectra were obtained at an ionization voltage of 70 eV. The recording conditions employed
a scan time of 1.5 s and a mass range of 30 to 400 amu. The compounds were identified
comparing their retention times and mass spectra with those of commercial standards
(loline: Chemfaces, Wuhan, China; NFL and NAL: AgResearch, Hamilton, New Zealand).

4.7. Laboratory Feeding Bioassay
4.7.1. Blood Collection

The blood samples (4.5 mL per bovine) obtained from 15 steers fed on endophyte-
free tall fescue pastures were collected by puncture of the jugular vein, with the use of
13 × 75 mm, 4.5 mL BD Vacutainer® glass tubes (Becton Dickinson, Franklin Lakes, NJ,
USA) containing buffered sodium citrate solution (3.2%, 0.109 M). The blood samples
were transferred to the laboratory in coolers at a temperature close to 4–7 ◦C. Once in the
laboratory, the blood samples were pooled together in a sterile glass flask and kept at 4 ◦C.

4.7.2. Feeding Bioassay

The feeding behavior of horn flies was tested based on a no-choice test according
to Zhu et al. [56] with modifications. Test flies were starved for 24 h prior to testing.
Doses (100 µL) of ALKE and lolines dissolved in acetone (liquid chromatography grade;
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LiChrosolv®, Merck KGaA, Darmstadt, Germany) at 0.25, 0.50, and 1.00 µg µL−1 concen-
trations were equally applied to the tulle piece (4 × 5 cm). After the solvent evaporated
(2–3 min), the sample-impregnated layer was placed on top of a blood-soaked cotton pad
and it was put into a glass flask (4 × 5 × 6.45 cm). A control sample was treated with
100 µL of acetone only. Test flies were transferred into each testing flask (10 flies per flask).
After 4 h, the mortality was recorded, and the flies were frozen at −20 ◦C for 1 h. They
were then checked for feeding status by squashing their abdomens and examining under
microscope (20×) for the presence of blood. The experiments were performed in triplicate.
The antifeeding performance was evaluated according to Equation (1):

Mean o f anti f eedancy(%) =
(Un f ed f lies× 100)

Total f lies
(1)

4.8. Olfactometer Bioassays

A dual-port Y-tube glass olfactometer (stem, 110 mm; ports, 90 mm at a 130◦ angle
from the stem; internal diameter, 10 mm) was used to assess the olfactory response of
H. irritans [58] to loline alkaloids. Each port of the Y-tube was connected to a Pasteur
pipette, each containing either the sample or the control. A quantity of 10 µL of sample,
1 µg µL−1 in acetone, was applied to a piece of filter paper (0.5 cm × 5 cm). For the control,
10 µL of acetone was applied. The filter paper was air-dried and placed in the middle of a
Pasteur pipette connected to a port of the olfactometer. The base of the stem was connected
to a vacuum pump generating a purified air flow (800 mL min−1) to carry the volatile
stimuli from the ports to the stem. The air was purified through a column of activated
carbon. Unsexed horn flies were starved for 24 h prior to testing. To test the fly response to
samples, flies were released into the olfactometer individually through a hole at 2 cm of
the base of the stem, and immediately afterward it was sealed with a Teflon cap and given
3 min for choosing between the sample or control. Their presence in the sample-treated
or control port (>half of the port) was recorded. If the fly did not make any choice, it was
discarded. Each sample was tested with 10 different flies, sequentially introduced into the
olfactometer. After two flies were tested, the Y-tube was cleaned with ethanol followed by
acetone, and air-dried. Also, the order of ports was randomized. Each test was replicated
6 times using 10 different flies each time. Responses were recorded as the percentage of
flies inside the treatment or control ports.

4.9. Statistical Analyses

The statistical software Statistix 10 (Analytical Software, Tallahassee, FL, USA) was
used to analyze the data. The Shapiro–Wilk test was used to test whether data conformed
to a normal distribution. The differences in the antifeedant activity and olfactory response
among treatments on H. irritans were analyzed using a two-way ANOVA test (p ≤ 0.05)
with a post-hoc Tukey HSD test. Olfactory response among treatments on H. irritans were
analyzed using a one-way ANOVA test (p ≤ 0.05, p ≤ 0.01) with a post-hoc Tukey HSD
test. The results were expressed as means with their corresponding standard errors.
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