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Simple Summary: Changes on the heart activity of bees has been correlated with several stressors.
However, it has been studied in just a few species within Apoidea. In this study, we described for
the first time in stingless bees, several parameters of heart activity in a species from the Amazon
region, Melipona flavolineata, during a 30-min stress period. Workers of the species were restrained
and anesthetized using isoflurane. The basal heartbeat at the first five minutes of the records was
about 600 beats per minute, which generally increased over the restraining period. The contention
stress also changed other parameters of heart activity in the species. Our study was the first to eval-
uate the cardiac activity in a stingless bee, an important group of tropical pollinators, and showed
that heart activity was altered by stress. Thus, heart monitoring using ECG is a feasible technique
to show some of the effects of different stressors, such as pesticides, in the physiology of worker
bees. We also showed that the isoflurane can be used as an anesthetic, an alternative to narcosis
induced by CO:z and.

Abstract: The hemodynamic activity of Melipona flavolineata workers was evaluated during restraint
stress for a period of 30 minutes. The observed parameters were power variation in the elapsed time,
and subsequently six periods of one second were divided and called: A, B, C, D, E and F; in each
period the electrocardiographic parameters were evaluated: Heart rate, Amplitude, R-R Interval,
Duration of QRS and Q-T interval. The experiment was carried out with 8 worker bees of M. fla-
volineata, for which electrodes with nickel-chromium alloy were made. The bees were previously
anesthetized with isoflurane and properly contained and fixed in a base for stereotaxis in which the
electrode was implanted. All these procedures were performed inside a Faraday cage. The results
showed power oscillations during the recording with the highest energy level between 300 and 600
s. Heart rate, QRS amplitude and QRS duration parameters underwent changes recorded during
the restraint stress period. However, for the Q-T interval there was no difference during the record-
ings. Thus, the cardiac activity of M. flavolineata can be used as a biomarker and being used to clarify
physiological issues or alterations caused by toxic agents and indicate risk factors for these animals.
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1. Introduction

The utilization of the electrophysiological method is an important way for the under-
standing of the mechanisms of ion displacement to the epithelial tissues, which are ana-
lyzed as electronics circuits and promoted through two electrodes placed in certain parts
of the heart [1,2]. The electrocardiogram (ECG) monitors the heartbeat rhythm, cardiac
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Frequency, and the identification of heart diseases by through an electrophysiological
analysis [3].

Arthropoda (Ecdysozoa, Arthropoda) possesses an open circulatory system, divided
into two parts: the vascular and the lacunar. The vascular portion is located in the medial
line of the arthropods and consists of a tubular heart as a central element, which is located
right below the dorsal a-chitin cuticle and bombs hemolymph for their different body
parts. The dorsal vessel is myogenic, but its rhythmicity is modulated by neuropeptides
and neurotransmitters [4]. The venous return occurs in the lacunar portion, where the
hemolymph flows directly from the haemocoel to the vascular portion, passing by the
ostia [5]. The hemolymph circulation is crucial for promoting the transport of nutrients,
neurohormones, molecules of circulation, immunological factors, and residual products
[6].

In bees (Hymenoptera, Apoidea), a taxon that provides important ecosystem ser-
vices, mainly pollination [7,8], the vascular portion consists of the heart (located in the
abdomen) and the aorta (located in the thorax), in which its diameter is much smaller
[9,10]. The bee heart is tubular, located below the abdominal wall; it begins in the first
abdominal ostia and extends up to the posterior half of the VI abdominal segment, and
possesses several openings (ostioles) in the wall, which allows the entrance of hemolymph
from the lacunar portion. In the anterior part, it connects with the aorta; the hemolymph
flows from the final part of the heart, in the abdomen, in the direction of the thorax. The
heart has a muscular wall that pumps the hemolymph to the aorta, which is a thinner
vessel that pumps the hemolymph to the heart; in this area it possesses an opening in its
extremity, below the heart [10,11]. The bee circulatory system has contractions both in the
dorsal vessel and in pulsating organs that provide a flow for the extremity [12]. These
contractions are caused by diaphragms, which cause the hemolymph to return from the
haemocoel for the heart, via the ostioles [10].

Studies about the cardiac function and blood (hemolymph) circulation in bees are
relatively scarce, and were performed mostly in the honeybee, Apis mellifera and in a lesser
extent, in the bumblebee Bombus terrestris. These studies are mostly descriptive, while
more recent focused on the effects of stressors, mainly pesticides in the heart and other
functions [12-20]. From these, few used ECG for measuring the bees” heartbeats [18,19].

In stingless bees [21], a taxon of eusocial bees consisting of more than 600 species [22],
there are no studies on their cardiac function. Stingless bees are important pollinators [7],
which are exposed to several stressors, such as thermal stress caused by global climatic
changes [23], by natural foraging behavior [24], and by pesticides [25]. A recent study
showed that the pesticide effects, in case, the dimetoate, does not equally affect stingless
bees and A. mellifera [26; however, see 27 for a rebuttal]. Thus, base studies in Meliponini,
including the cardiac function, are important for the understanding of their physiology,
and how they could answer to different stressors. For example, in A. mellifera, it was
shown that the acaricide amitraz, used to control Varroa destructor, provokes an accelera-
tion on the heartbeats of workers, compared with the control treatment [18].

Thus, in this study we studied the cardiac function, via ECG, in the Amazonian sting-
less bee species Melipona flavolineata Friese, 1900 [28], an important pollinator and visitor
of native and crop plants [7,29] and used as a model species for studies on the reproduc-
tion and supplemental feeding of stingless bees’ colonies [30-32]. We evaluated the heart-
beat in the studied species, and the effect of contention stress in bees across the time. We
measured the heartbeats for 30 minutes, observing the amplitude, cardiac frequency, en-
ergy intensity, R-R, QT intervals, and the duration of QRS complex during the restraint
period. We used isoflurane as an anesthetic, which has been used successfully in insects
[34] and bees, causing few long-term alterations in their physiology [34,35].

2. Materials and Methods
2.1. Studied species
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We used eight M. flavolineata worker bees, a species that inhabits the Brazilian states
Para, Maranhdo and Tocantins [28] , whose colonies were maintained in the meliponary
of the Laboratory of Biology and Ecology of Bees of the Federal University of Para, Belém,
Brazil. We chose young worker bees from the nest that weren't still in forager activity.
These bees were brought to the Laboratory of Pharmacology and Toxicology of Natural
Products (Laboratdrio de Farmacologia e Toxicologia de Produtos Naturais) UFPA-ICB,
to an environment with a regulated temperature (25-28 “C) and they were used in the ex-
periments described below.

2.2. Animal preparation for the experiment

Bees were previously anesthetized with isoflurane at a room temperature of 24°C,
with a 1.5 ml volume of the drug soaked in cotton, and they were kept in contact with the
anesthetic within a 150 x 20 mm Petri dish glass until the loss of the postural reflex on-
wards (Figure 1A). The mean time for induction was 57.75 + 8.44 seconds and the mean
time for recovery of the posture reflex was 2,645 + 33.56 seconds (Figure 1B). This proce-
dure was necessary to allow the fixation of the bees upon a polyethylene foam platform
with a small rubber band between the bees” thorax region and the abdomen. Thus, it was
possible to fix the electrodes for the ECG (Figure 1C). Pins prevented the bee from moving
too much and interfering with the measurements. In this work, the method by Kaiser [37]
was used with modifications, to capture the data with the available equipment and mate-
rials.

A Anesthesia with isoflurane
- Polyethylene foam platform

Rubber elastic band

Figure 1. (A) Characteristics of Melipona flavolineata worker anesthetized with isoflurane and with
loss of posture reflex; (B) Recovery of posture reflex after anesthesia; (C) animal restrained for im-
plantation of electrodes by stereotaxis.

2.3. Manufacture of electrodes, implantation and obtaining of Electrocardiographic (ECG)
recordings

Regarding the ECG, the electrodes were made from JST SM cables with 2 Jack pins
13 cm long. The nickel-chromium wire electrodes (Morelli ortodontia), conjugated at a
distance of 1 mm, with 0.2 mm in diameter and 2 mm in length. They were insulated with
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a liquid insulator and after drying the material, the electrode was fixed in a stereotactic
device. After the bee fixation, the following coordinates were obeyed, considering the re-
cording electrode as a parameter: the zero point was at the intersection between thorax-
abdomen in the midsagittal line, with an anteroposterior coordinate of 1 mm, and dorso-
ventral coordinate of 0.6 mm (Figure 2). After the procedure, the ECG was recorded. The
entire procedure for obtaining the record was performed inside a metal screen Faraday
cage. The electrodes were connected to a high-impedance amplifier (Grass Technologies,
P511) with signal amplification of 50,000X, monitored by an oscilloscope (Protek, 6510).
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Figure 2. Components for the recording: Stereotaxic coordinates used in the animals for the acqui-
sition of the electrocardiographic record, positioning of the conjugated electrodes at a distance of 1
mm, high impedance amplifier (50,000 X of signal amplification). The characteristic signal was ob-
served on a monitor.

All records lasted 30 minutes for each bee. Fragments were taken from each record
every 5 minutes for analysis to compare the effects of stress on hemolymph pumping.
Thus, we analyzed the last second of each individual's cardiac activity in six different pe-
riods: A =299-300s, B= 599-600s, C=899-900s, D= 1199-1200s, E= 1499-1500s and F=1799 -
1800s. This delimitation of periods was necessary due to the large database generated,
which would be difficult to visualize if shown continuously.

2.4. Statistical analyses

For statistical analysis, normality and homogeneity tests were used for data varia-
tions through the Kolmogorov-Smirnov and Levene tests, respectively. Data are presented
as mean + standard deviation (SD) and F and p values are included, when relevant. Signifi-
cance levels of *p<0.05, **p<0.01, ***p<0.001 were considered for all analyses. Comparisons
between analyzed periods were based on a two-way ANOVA followed by Tukey's test
for multiple comparisons. Statistical analyses to identify and remove outliers were per-
formed using GraphPad Prism, version 8 (Graph-Pad Software Inc., San Diego, CA, USA).
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The parameters analyzed in the records were: Heart rate (BPM), Amplitude (mV), R-R
Interval (ms), QRS complex duration (ms) and Q-T interval (ms) (Figure 3B).
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Figure 3. (A) Electrocardiogram of Melipona flavolineata, represented by 1 second of recording, in the
first 5 minutes of restraint. (B) amplification of 0.12 seconds of the ECG trace demonstrating the
analyzed parameters that allow the evaluation of Heart Rate (BPM), Amplitude of record (mV), R-
R Interval (ms), QRS Duration (ms) and Q-T Interval (ms).

3. Results

We observed that the triggering of impulses maintains the rhythm and that it can
undergo rapid variations. When analyzing the records, we only identified the QRS com-
plex, which represents the contraction of the structure, and the T wave, which represents
the repolarization of the heart (Figures 3A and B).

The electrocardiographic recording demonstrating the cardiac function of M. flavolin-
eata (n=8) in the first five minutes of recording during restraint showed a mean heart rate
of 596 = 81.91 BPM, with an amplitude of 1,735 + 0,559 mV (magnification of 50,000X). The
R-R interval, which represents the positive deflagration in the contraction, lasted 101.6 +
13.17 ms. The contraction cycle to boost the hemolymph which is represented by the QRS
duration averaged 6.15 + 0.2268 ms and the Q-T interval representing the complete cycle
with depolarization and repolarization of the pulsatile structure averaged 18.50 + 2.33 ms.

The ECG recordings lasting 30 minutes during M. flavolineata containment demon-
strated amplitude variation (Figure 4A). Fragments were taken from each record for anal-
ysis at the end of every 5 minutes of recording to compare the effects of stress on hemo-
lymph pumping. During the first five minutes, there was an increase in the amplitude of
the recording (A), followed by a progressive decrease until the 10t minute of recording
(B). The amplitude increased again at the 15 minute (C) and remained with little varia-
tion in the fragments of the 20t (D), 25% (E) and 30* (F) minutes. The spectrogram
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demonstrates an increase in the level of circulating energy in the period from 300 to 600s
(Figure 4B).

During the 30-minute cardiac recording, a difference in the average linear power of
the records could be observed, with an average power of 6.606 + 0.7461 mV2/ Hz x 10-3
being obtained in the recording period of 0-300s, which was significantly lower than in
periods of 300-600s (33.15 + 3.365 mV2/ Hz x 10-3), 600-900s (15.03 + 1.641 mV2/ Hz x 10-
3) and 900-1200s (12.36 +2.116 mV2/ Hz x 10- 3). However, it did not present a significant
difference between the periods of 1200-1500 (5.602 + 0.9207 mV2/ Hz x 10-3; p= 0.9018) and
1500-1800s (4.600 + 1.571 mV2/ Hz x 10-3; p= 0.3179). The period of greatest power was
300-600s, which was significantly higher than the other groups. In the periods of 600-900s
and 900-1200s, the power remained constant and later showed a decrease in the periods
of 1200-1500s and 1500-1800s (Figure 4C).
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Figure 4. Electrocardiographic tracing represented by 30 minutes of recording, demonstrating the
areas of the recording that were analyzed (dotted in red): A =299-300s, B=599-600s, C=899-900s, D=
1199-1200s, E=1499-1500s and F=1799-1800s. (A); Energy distribution spectrogram demonstrating
areas with different cardiac energy intensities during restraint stress. The area demarcated by the
dotted circle indicates the highest energy intensity in the record. (B); The linear power graph of
cardiac activity during restraint stress in Melipona flavolineata. (After ANOVA followed by Tukey;
**p<0.001; n=8).

For each alteration of the tracing during the stress of containment, a pattern of cardiac
activity behavior was analyzed (Figure 5). Thus, the heart rate in period A (mean of 596 +
81.91 bpm) did not differ from periods B (718.3 + 90.00 bpm; p=0.1006) and C (656.8 + 103.6
bpm; p=0.7656), but it was lower than in period D (747.1 + 102.8 bpm, p=0.001). Period A
showed no difference for groups E (649.8+ 108.3 bpm; p=0.8483) and for group F (508.4 +
45.52 bpm; p=0.4037). Period F showed a decrease in cardiac activity, which was lower
than in periods B, C, D and E (Figure 6A).
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Figure 5. Tracing patterns found during the 30-minute recording obtained every 5 minutes referring
to the patterns: A =299-300s, B= 599-600s, C=899-900s, D= 1199-1200s, E= 1499 -1500s and F=1799-
1800s. In each tracing, the Heart Rate (BPM), Amplitude (mV), R-R Interval, QRS Duration and Q-T
Interval were analyzed.

The QRS amplitude varied during the period of restraint stress. During period A, an
increase in amplitude (1.735 + 0.559 mV) was observed, which was significantly lower
than the other periods: B (0.955 + 0.2324 mV), C (1.045 + 0.238 mV), D (0.694 + 0.1768 mV),
E (0.832 £ 0.08043 mV) and F (0.9218 + 0.185 mV) (Figure 6B).

For the R-R interval in period A (mean of 101.6 + 13.17 ms), there was no significant
difference for periods B (84.63 + 10.31 ms; p=0.1041) and C (92.75 + 16.13 ms; p=0.7318).
However, it was higher than in period D (82.0 + 11.55 ms). Period A did not differ from
period E (96.25+ 14.98 ms; p=0.9573) and from period F (117.5 + 8.864 ms; p=0.1507). Period
F showed a decrease in cardiac activity and the R-R interval was greater than periods B,
C, D and E (Figure 6C).

During the worker bees' restraint stress, there was an increase in the QRS duration
from period D onwards (mean: 11.75 + 1.38 ms), which was significantly lower than in
periods A (6.15 + 0.2268 ms), B (6.275 + 1.185 ms ) and C (6.50 + 1.395 ms), but showed no
significant difference for periods E (9.00 + 1.852 ms; p=0.0789) and F (10.75 + 3.882 ms)
(p=0.9105). Period E did not differ from periods A, B and C. However, during period F,
there was an increase in the QRS distance, being greater than in periods A, B and C (Figure
6D).

During the registration period, the QT interval did not vary significantly. In period
A, the average was 18.50 + 2330 ms; B: 17.75 + 3.151 ms, C: 19.88 + 2.264 ms, D: 22.88 +
4.518 ms, E: 20.50 + 4.209 ms, and F: 21.25 + 3.536 ms (F, 42= 2.399, p=0.0531; Figure 6E).
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Figure 6. Evaluation of the cardiac activity of Melipona flavolineata during physical restraint: (A)
Heart rate bpm; (B) QRS amplitude (mV); (C) R-R Interval (ms); (D) QRS duration (ms); and (E) Q-
T interval. After ANOVA followed by Tukey. *p<0.05, **p<0.01, ***p<0.001 (n=8).

4. Discussion

Our study was the first to register in detail the cardiac function, via ECG, in a
meliponine bee, and to use isoflurane as an anesthetic, instead of CO2 or cold. We showed
in this study that the bee restraint caused variations in the heart activity of worker bees,
with the highest potencies observed between 300 to 600 seconds; it suggests a higher effort
for the haemolymph pumping in this period. The alterations in the bees” heartbeats were
higher according to the contention time; the other parameters of cardiac activity also
changed in a similar way, mainly the amplitude, which varied during the 30-minute reg-
ister. The experiment allowed us to evaluate the cardiac activity at rest, which is around
600 bpm, together with other factors.

The stress caused by a period of 30 minutes of restraint allowed us to verify altera-
tions on M. flavolineata cardiac activity; the main functions that pointed to stress were the
cardiac frequency, the amplitude, and the parameter of contractile activity, which is re-
lated to the QRS duration (the speed of heart contraction). However, the Q-T interval did
not have a significant difference during the contention stress.

In A. mellifera, in vivo experiments showed that cold-anesthetized workers exposed
to amitraz, an acaricide used to control infestations of Varroa destructor (Arachnida: Para-
sitiformes), had a significant increase (about 135%) on their heartbeat by several hours,
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References

showed by ECG [18]. A similar pattern was also found in other study, which also showed
that, due to the interaction between amitraz and the octopamine receptors, there is a re-
duction of the tolerance of newly-emerged workers to viral infections [16]. In this case, the
intrinsic activities of the toxic element (amitraz) do not allow to evaluate the cardiac pa-
rameters caused by the manipulation of bees. In our study, the contention stress allowed
us to show the cardiac acidity of the workers without the interference of any toxic agent.
Thus, these studies showed that the cardiac function is an indicative parameter of physi-
ological stress in bees [16,18]. Other stressors, such as pesticides provoke noxious effects
in stingless bees; however, the cardiac function has not been yet included as a measured
parameter in this group [37].

Another approached aspect of our study, also not tested in stingless bees, was the
anesthetic effect of isoflurane. It has been previously tested in other bee’s species, present-
ing few lasting effects on thir physiology [34,35]. In M. flavolineata, after the one minute’s
anesthesia induction, workers returned to motor activity about four to five minutes; after
this period, they resumed motor activity (visualized by the head and antennal movement).
Only after this period we measured their cardiac activity. Our results are promising, since
they showed that workers anesthetized with isoflurane “awoke” rapidly after the proce-
dure and moved similarly to bees non-anesthetized.

Since several studied showed that other anesthetics, like CO2- and cold-induced nar-
cosis provokes undesired short and long-term effects in A. mellifera workers [34,38-41],
future studied must compare the effects of different anesthetics, including isoflurane, on
stingless bees” physiology. Therefore, our study provided a baseline that will allow the
use of cardiac function as a proxy variable related with different stressors in stingless bees.
Data on the cardiac function in other Meliponini species must also be obtained, for com-
parisons.
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