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Honeybee hemolymph distributes molecules, nutrients, and 
hormones to tissues and organs in an open circulatory sys-
tem.10,32 Glucose, trehalose, and fructose are the main sugars 
used by honeybees as a source of energy for daily activities. 
The concentration of sugars in hemolymph is especially high 
in honeybees compared to other insects.33 Trehalose is the 
most important sugar used for flight and thermoregula-
tion,22,31 and also plays a role in appetite regulation and 
energy metabolism. Trehalose, a very stable molecule com-
posed of 2 D-glucose molecules, is synthesized and stored in 
fat bodies, and is converted into glucose and released in the 
hemolymph.3,15,29,32

Measuring carbohydrates in hemolymph would be helpful 
to evaluate physiologic status, metabolism, and homeostasis 
in honeybees.8,19 Considering the major role of trehalose in 
honeybees, its measurement can be useful.22 Trehalase is an 
important enzyme in metabolism, response to stress, and 
regulation of trehalose concentrations in insects.24,27,29 A sol-
uble form of trehalase has been isolated in insect hemo-
lymph.27

Although there is no RI for physiologic glucose values in 
honeybee hemolymph, glucose concentrations may vary from 

11.1 to 83.2 mmol/L1,16; the trehalose concentration can reach 
222 mmol/L.7 Several analytic approaches have been used to 
evaluate sugar concentrations in hemolymph, including chro-
matography,5,22,23 enzymatic or colorimetric reaction,19,23 or 
refractometers.7 However, standard analytic techniques rely 
on access to a laboratory, large sample volumes, and higher 
costs. As an alternative, portable glucometers, which require 
small sample volumes and are used regularly in veterinary 
and human medicine for the rapid estimation and monitoring 
of glucose concentration,30 might be useful tools for beekeep-
ers and researchers. Even though most glucometers have been 
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Abstract. Glucose and trehalose are the main energy sources used by honeybees (Apis mellifera) for daily activities. 
However, there is no validated point-of-care method to reliably measure both sugars. We performed an analytical validation of 
a portable human glucometer (Accu-Chek; Roche) for glucose measurement in honeybee hemolymph compared to a reference 
method (GluCH, UniCel DxC 600; Beckman Coulter). We used 30 pooled hemolymph samples collected from the antennae 
of anesthetized honeybees and diluted 1:4 in 0.9% saline. We evaluated dilution linearity, spike recovery, and inter- and 
intra-assay imprecision. Glucose concentration was measured over time (2 h, 4 h, 8 h, 12 h, 1 d, 2 d, 3 d, 7 d, 21 d, 28 d) at 
various storage temperature (25°C, 4°C, −20°C, −80°C). The trehalose concentration was measured indirectly by trehalase 
hydrolyzation. Glucose concentrations measured by both instruments had a strong correlation (0.985, p < 0.0001) and a bias 
of −7.33 mmol/L (±1.96SD: 13.70 to −28.36), with linear agreement at <20 mmol/L (physiologic value: 100 mmol/L). The 
accuracy of the glucometer decreased at >20 mmol/L. Recovery of 115–130% of diluted spikes indicated good specificity. 
Inter- and intra-assay imprecision were 2.50% and 2.21%, respectively. Glucose concentrations fluctuated in stored samples 
dependent on time and temperature; however, glucose concentrations were constant with storage at −80°C for ≥28 d. The 
Accu-Chek glucometer is an adequate instrument to measure honeybee glucose concentration in hemolymph diluted with 0.9% 
NaCl, with good accuracy and precision at <20 mmol/L. Hemolymph storage at −80°C is suitable for long-term conservation 
of glucose.
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designed for humans, the performance of glucometers has 
been evaluated and validated in several species, including 
cats, horses, dogs, deer, sheep, cattle, alpacas, and ferrets.26 
Although one study reported using a glucometer to estimate 
glucose concentrations in bees,8 this method has not been 
validated for point-of-care testing. The glucometer and spec-
trophotometer are intended to measure glucose only, and 
cross-reactions are not expected with trehalose and fructose. 
A glucometer might be useful in monitoring hemolymph glu-
cose concentration in bees.

Our aims were: 1) to perform an analytical validation 
(accuracy, imprecision, cross-reaction) of a portable human 
glucometer (Aviva Accu-Chek, NC model; Roche) in honey-
bees and to assess its agreement with the reference method 
(UniCel DxC 600; Beckman Coulter); and 2) to assess the 
stability of glucose concentration in hemolymph over time at 
various storage temperatures.

Material and methods

Sample collection

Although insects are not covered by the Canadian Council 
on Animal Care guidelines, all procedures were performed 
while respecting ethical considerations. A honeybee hemo-
lymph extraction protocol was executed.6 Per the recom-
mended submission protocol to diagnostic centers,9 
honeybees were anesthetized by exposure to dry ice (CO

2
 

and cold). Honeybees were placed on a Styrofoam plate, 
and their antennae were pulled out with clean tweezers fol-
lowed by finger pressure on the thorax to exteriorize a 
hemolymph bulla, from which hemolymph was aspirated 
with a 2-μL manual micropipette. Aspirated hemolymph 
was immediately transferred to an Eppendorf tube placed 
in iced water (0°C) to limit melanization. A single honey-
bee worker yields 0.5–2.5 μL of hemolymph. We used 
~2,500 honeybees for the entire experiment. All bees were 
euthanized by exsanguination.

Sample preparation

Saline (0.9% NaCl) was chosen as diluent and added to the 
pooled hemolymph. Two dilution factors for hemolymph 
samples were used depending on the experiment: 1:4 (method 
assessment, evaluation of imprecision and accuracy) and 1:9 
(stability under storage conditions, trehalase protocol). For 
the remainder of the experiment, results are referenced as 
physiologic concentrations in honeybees, unless specified 
otherwise.

Measurement of glucose

We first determined hemolymph glucose concentration with 
an Accu-Chek human glucometer. Each new strip lot number 
(498557, 498586, 498688, 498769, 498717) was validated 

with Accu-Chek control solutions. Each sample was vor-
texed before analysis, and 1.5 μL of sample was used for 
each assay. Glucose concentrations were also assessed with a 
UniCel DxC 600 spectrophotometer at the Centre de diag-
nostic vétérinaire de l’Université de Montréal (Québec, Can-
ada), using 40 μL of sample per measurement.

Accuracy

Inaccuracy was evaluated indirectly by investigating linear-
ity under dilution and by spike-and-recovery analysis. Lin-
earity was assessed using successive 1 in 2 dilutions (50%, 
25%, 12.5%, 6.25%, 3.125%) with physiologic saline (0.9% 
NaCl) of freshly collected and pooled hemolymph from 30 
honeybees. Linearity was evaluated on whether the slope 
deviated from one and the intercept from zero.

To evaluate the specificity of the Accu-Chek glucometer, 
a spike-and-recovery assay was performed. Hemolymph 
spikes at a known concentrations (9.85, 14.5, 16.4, 
19.2 mmol/L) were respectively added to 15-μL samples of 
hemolymph.

Imprecision

Inter- and intra-assay variations were assessed on 10 
repeated measures (strip lot 498769). Fresh hemolymph 
samples from different collection days were pooled and 
stored at −20°C. Intra-assay imprecision (repeatability) 
was performed on 10 consecutive measurements within the 
same assay.21 Inter-assay imprecision (reproducibility) 
was assessed by measuring glucose concentrations daily in 
duplicate from the aliquoted sample across analytical runs 
(over 5 d).21

Cross-reactions

Commercial, 10-mmol/L fructose (47740; Millipore-
Sigma) and 20-mmol/L trehalose (BP2687100; Thermo 
Fisher) solutions in 0.9% NaCl were used to assess the 
interference of those sugars with glucose measurement by 
the Accu-Chek glucometer and the UniCel DxC 600 spec-
trophotometer.

Method agreement

Groups of 16–30 worker honeybees were taken from 30 
hives, and their hemolymph was combined to create 30 
pooled samples at the Faculté de médecine vétérinaire, Uni-
versité de Montréal, over the summer and fall of 2020. Sam-
ples were collected over 2 d and stored at −20°C in 250-μL 
Eppendorf tubes until glucose analysis. Glucose concentra-
tions were measured with the Accu-Chek glucometer and a 
UniCel DxC 600 spectrophotometer 1 wk later within an 
interval of 3–4 h between the instruments. All measurements 
were done in duplicate.
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Time and temperature storage conditions

Hemolymph samples were stored at different temperatures 
(24°C, 4°C, −20°C, −80°C) in 250-μL Eppendorf tubes for 
each time measurement (2, 4, 8, 12 h; 1, 2, 3, 7, 14, 21, 28 d). 
Glucose concentrations were measured with the Accu-Chek 
glucometer.

Trehalose measurement

Trehalase is an enzyme that hydrolyzes 1 molecule of treha-
lose into 2 molecules of glucose (Suppl. Fig. 1). To measure 
the trehalose concentration indirectly in hemolymph, we 
designed an enzymatic protocol using a trehalase solution 
from porcine kidney (T8778; MilliporeSigma) diluted 1:9 
with 0.9% NaCl, mixed with a hemolymph sample, and incu-
bated at 37°C for 3 h at 20 rpm on a benchtop shaker (Suppl. 
Fig. 1). The trehalose concentration was measured indirectly 
by assessing the difference in glucose concentrations mea-
sured by the Accu-Chek glucometer before and after the 
enzymatic reaction. Commercial 10 mmol/L of trehalose 
(BP2687100; Thermo Fisher) was also spiked in hemolymph 
samples to determine the recovery of added trehalose and to 
hence assess the efficacy of the enzymatic reaction.

Statistical analysis

Pearson correlation was used to assess the linearity of plotted 
data. Mean and CV were calculated with Excel (v.2108; 
Microsoft). Agreement was evaluated through Bland–Altman 
plot and Passing–Bablok regression (ACOMED statistical 
Excel program v.2108) to compare Accu-Chek glucometer 
measurements with UniCel DxC 600 spectrophotometer 
measurements. For the Bland–Altman technique, differences 
in values of <20 mmol/L followed a normal distribution per a 
Shapiro–Wilk test (p = 0.069). No values were excluded.

Results

Accuracy

Dilutions of freshly collected hemolymph in 0.9% NaCl 
(50%, 25%, 12.5%, 6.25%, 3.125%) were linear and propor-
tional according to expected concentrations (Fig. 1). The 
lower value measured by the glucometer was 0.3 mmol/L.

Recovery after spiking non-diluted hemolymph with a 
matrix of hemolymph samples was 86% at 9.85 mmol/L and 
67% at 14.5 mmol/L (Table 1). On the other hand, recovery 
was higher when spiking diluted hemolymph samples at 
16.4 mmol/L (115%) and 19.2 mmol/L (130%; Table 1).

Imprecision

Intra-assay CV of the Accu-Chek glucometer was 2.09–
2.97% for glucose concentrations of 7.90, 14.8, and 
22.0 mmol/L (measured value), respectively (Table 2). Inter-
assay CV was 2.21% at 7.90 mmol/L (measured value), for a 
total CV of 2.15% (Table 2).

Cross-reactions

Trehalose and fructose were not detectable on Accu-Chek 
strips nor on the UniCel DxC 600 spectrophotometer (Suppl. 
Table 1).

Method agreement

Pearson correlation of 0.985 (p < 0.0001) highlights a posi-
tive, significant, and strong correlation between the Accu-
Chek glucometer and the UniCel DxC 600 spectrophotometer 
(Fig. 2). The general equation including all 30 measurements 
was y = 0.74x + 19.2 (Fig. 2); when considering values 
<100 mmol/L only, the equation became y = 0.91x + 7.41 
(Fig. 3). Better linearity was observed with Passing–Bablok 
regression at <100 mmol/L, with a slope closer to 1 (Fig. 3); 
this agreement was less at >100 mmol/L (Fig. 2). Pooled 
sample measurements from both methods (n = 30), plotted 
with the Passing–Bablok regression analysis, show a propor-
tional and constant error with a slope of 0.74 (95% CI: 0.68–
0.80) and an intercept of 19.20 (95% CI: 13.2–25.2; Fig. 2).

Data (n = 30) in the Bland–Altman plot highlights a bias 
of −7.33 mmol/L (±1.96SD: 13.7 to −28.3; Fig 4). All data 

Figure 1.  Linearity under sequential dilutions of pooled and 
non-diluted hemolymph (50%, 25%, 12.5%, 6.25%, 3.125%). 
Regression from data (solid line, y = 34.3x − 0.48) is close to 
expected values (dashed line, y = 33.4x + 0.04). Slope (34.3) from 
plotted data is similar to expected slope (33.4).

Table 1.  Recovery of hemolymph spikes in a known 
concentration of a pooled hemolymph matrix.

Measured glucose concentration 
of hemolymph spike, mmol/L Recovery, %

9.85 86
14.5 67
16.4 115
19.2 130
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fall within the agreement limits and approximately −7 to 7 
when <100 mmol/L (Fig. 4); hence, a strong correlation is 
seen at <100 mmol/L. A proportional error is seen at 
>100 mmol/L; the difference of values measured by both 
instruments increased at >100 mmol/L, as was observed with 
the Bland–Altman plot (Fig. 4).

The mean glucose concentration of the 30 hemolymph 
samples measured on the spectrophotometer was 103 mmol/L 
(yields 26.5–154 mmol/L); the Accu-Chek glucometer 
reported a mean glucose concentration of 96.1 mmol/L 
(yields 29.5–134 mmol/L).

Time and temperature storage conditions

The glucose concentration increased quickly and at approxi-
mately the same rate during storage at 24°C and 4°C before 

reaching a plateau after ~2 d (Fig. 5). After 1.5 wk, the glu-
cose concentration decreased to eventually reach 0 mmol/L 
(Fig. 5). When hemolymph samples were stored at −20°C, 
the maximal glucose concentration was reached after ~7 d 
and subsequently remained stable (Fig. 5). Storage at −80°C 
provided the best sample conservation; the glucose concen-
tration remained stable over time (Fig. 5).

Trehalose measurement

After 3 h of incubation, the glucose concentration increased 
from 12.0 to 112 mmol/L in hemolymph samples (measured 
values: 2.40–22.5 mmol/L; Table 3), representing a physio-
logic trehalose concentration of 50.0 mmol/L (Table 3). A 
recovery of ~77% was observed when a hemolymph sample 
was spiked with 10 mmol/L of commercial trehalose, which 

Table 2.  Intra- and inter-assay CVs of an Accu-Chek glucometer with honeybee hemolymph.

Sample

Intra-assay Inter-assay

CV, % Concentration, mmol/L CV, % Concentration, mmol/L

Hemolymph 2.09 7.90 2.21 7.90
  2.97 14.8 * *
  2.43 22.0 * *
Human blood per manufacturer (Roche) 3.6 * 2.5 *

*  No data available.

Figure 2.  Passing–Bablok regression of glucose concentrations 
measured by 2 methods (UniCel DxC 600 spectrophotometer 
and Accu-Chek glucometer). Data are shown as dots. Solid line 
is the regression line (95% CI between dotted lines) with a slope 
of 0.74 (95% CI: 0.69–0.80) and an intercept of 19.2 (95% CI 
13.3–25.2). Data <100 mmol/L are distributed around the gray solid 
line representing x = y (linearity), which means good correlation. 
Data >100 mmol/L deviate from linearity, and the curve line is 
flattened. Thus, the difference between values from both methods 
increases and the Accu-Chek glucometer underestimates glucose 
concentration at >100 mmol/L compared to the spectrophotometer.

Figure 3.  Passing–Bablok regression of glucose concentrations 
measured by 2 methods (UniCel DxC 600 spectrophotometer and 
Accu-Chek glucometer). Considering values <100 mmol/L (data 
shown as dots), regression line as a solid line (95% CI between 
dotted lines) has a slope of 0.91 (95% CI: 0.80–1.02) and an 
intercept of 7.71 (95% CI 0.79–12.7). There is better concordance 
between the instruments given that the slope is closer to 1 and data 
are grouped closely around the gray solid line (linearity).
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shows acceptable efficacy of hydrolysis by the commercial 
trehalase. The expected measured glucose concentration after 
spiking trehalose in a sample was 4.44 mmol/L compared to 
3.40 mmol/L measured by the Accu-Chek glucometer.

Discussion

To our knowledge, analytical validation of the Accu-Chek 
glucometer in honeybees has not been reported previously. 
The small CI observed in the Passing–Bablok regression 
indicates good precision of the Accu-Chek glucometer. 

Overall, inter- and intra-assay CVs were <10%, which indi-
cates good reproducibility over time. Given that the ideal 
recovery is 80–120%, the glucometer had good specificity 
according to our spike-and-recovery experiment, and did not 
cross-react with trehalose and fructose.

Several conditions can interfere with Accu-Chek glucome-
ter values and may explain differences in results between the 
Accu-Chek glucometer and the spectrophotometer. The instru-
ments used in our evaluation measure the glucose concentra-
tion with different chemical reactions. The Accu-Chek 
glucometer strips use an electrochemical reaction, which 
results in oxidoreduction of D-glucose by glucose dehydroge-
nase20; electrons are transferred to a mediator (ferricyanide) 
that generates a current proportional to the glucose concentra-
tion in analyzed samples.20 According to the manufacturer, the 
intra- and inter-assay CVs are respectively 3.6% and 2.5% for 
human blood, with linearity up to 33.3 mmol/L and a lower 
limit of detection of 0.6 mmol/L. Environmental factors such as 
temperature, humidity, and storage management of strips and 
samples may influence accuracy of the Accu-Chek strip.30 
Physiologic factors, including pH, prandial state, and hemato-
crit may also alter analysis in whole blood.30 The UniCel DxC 
600 spectrophotometer uses a hexokinase reaction, in which 
the residual absorbance change is correlated with the sample 
glucose concentration. This method requires a volume of 
~50 µL (undiluted or diluted) for a single measurement. A CV 
of ~3% is estimated, with linearity over 0.3–38.8 mmol/L.

Figure 4.  Bland–Altman plot of glucose concentrations 
measured by 2 methods (UniCel DxC 600 spectrophotometer and 
Accu-Chek glucometer). Differences between the methods fall 
within the dotted lines representing limits of agreement. Mean bias 
(systematic error, straight line) is estimated at −7.33 (±1.96SD: 
13.7 to −28.3). Differences are distributed at approximately 7 
and −7 below 100 mmol/L, close to zero, as it should be. Above 
100 mmol/L, a proportional error is observed, in which distance 
from zero increases as mean value of both methods increases.

Figure 5.  Glucose concentrations in pooled and hemolymph 
diluted 1:9 with 0.9% NaCl through time (2, 4, 8, 12 h; 1, 2, 3, 7, 
14, 21, 28 d) at different storage temperatures (24°C, 4°C, −20°C, 
−80°C).

Table 3.  Glucose concentration in hemolymph samples during 
incubation with trehalase at 37°C over time.

Incubation 
time, h

Glucose concentration, 
mmol/L

Calculated trehalose 
concentration, mmol/L

0   12.0 50.0
3 112   0
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Because we used 30 samples and a 3–4-h interval between 
instrument runs for the method agreement and 10 repeated 
measurements for the impression assessment, those criteria are 
limitations. Indeed, the latest ASVCP guidelines recommend 
40 samples, a maximum 2-h interval, and 20 repeated measure-
ments.2 Despite these limitations, we found good agreement 
between the instruments, and the glucometer had a low CV.

The Accu-Chek glucometer underestimates glucose con-
centration at concentrations >100 mmol/L (measured value of 
20 mmol/L by the Accu-Chek glucometer). In fact, the regres-
sion flattens and becomes less linear at >100 mmol/L (mea-
sured value = 20 mmol/L). Given that the agreement between 
the methods is better at <20 mmol/L (measured value), samples 
should be diluted to reach concentrations below this level 
(0–20 mmol/L) for accurate results with the Accu-Chek glu-
cometer. Dilution of hemolymph samples is therefore impor-
tant to reach concentrations within the linear range of 
comparison with the reference spectrophotometer given that 
the physiologic glucose concentration in honeybee hemolymph 
can be especially high, and can exceed the range of detection of 
the Accu-Chek glucometer. The actual values in honeybee 
hemolymph can be estimated after correcting for dilution.

Melanization of hemolymph samples is a phenoloxidase 
reaction that occurs in bees and results in polymerization and 
deposition of melanin on a wound or an infectious agent.14,18 
This immune process darkens hemolymph when exposed to 
oxygen and affects buffer efficacy,18 consequently interfer-
ing with glucose measurement with glucometer strips. We 
did not assess the impact of melanization on glucose mea-
surement in our analytical validation. Further studies would 
be needed to evaluate the inhibitory action of phenoloxidase 
over time by the addition of phenylthiourea to hemolymph 
samples.25 Melanization activity also depends on tempera-
ture, and decreases in a cooler environment.11

The honeybee hemolymph pH (estimated at 6.8)4 is lower 
than that of human blood (pH 7.35–7.45). Honeybee hemo-
lymph acidifies when diluted with 0.9% NaCl and alkalinizes 
when melanized; however, the enzyme in glucometer strips is 
also sensitive to different pHs. Although studies on the effect of 
decreasing pH on glucose measurement are contradictory,17 
lower or higher pH levels are known to interfere with the buffer 
in the glucometer strip, which can result in a false glucose 
decrease with acidosis and a false increase with alkalosis.17,28 
Hematocrit influences glucose concentration estimation in 
human blood.17,30 However, hemocytes comprise <5% of the 
total hemolymph volume in insects12; hence, such interference 
is less likely. Variation in sodium concentrations have been 
shown to interfere with the glucometer strip; indeed, it has been 
reported that glucose measurements are not reliable with Na 
concentrations >150 mmol/L.13 Hemolymph diluted with 0.9% 
NaCl contains ~70 mmol/L Na, which would not interfere with 
the glucose measurement. Based on our experience, samples 
must be warmed to room temperature before using the glucom-
eter strips; the estimated glucose concentration is lower in cool 
samples (stored at −20°C).

Endogenous trehalase activity can greatly influence glu-
cose concentrations in hemolymph samples depending on 
the time of measurement after collection. According to our 
findings, endogenous trehalase is still active at 24°C, 4°C, 
and −20°C, but the −20°C temperature decreased trehalase 
activity and therefore the glucose concentration increased at 
a slower rate.

As we observed, endogenous trehalase hydrolyzes treha-
lose and hence increases the glucose concentration, depend-
ing on storage conditions (time and temperature); 
concentrations stabilize after several days, when trehalose is 
no longer available for hydrolysis. The time to reach com-
plete hydrolysis is temperature-dependent; colder tempera-
ture slows (−20°C) or stops (−80°C) hydrolysis. We found 
that the glucose concentration in stock samples stored at 
−20°C did not vary after 1 wk of storage, given that a plateau 
was reached at that point; therefore, we used hemolymph 
that was stored for 1 wk at −20°C for most experiments. Stor-
age of hemolymph samples at 24°C or 4°C for periods of 
>7 d results in rapid decreases in glucose concentration, 
likely secondary to bacterial activity, given that hemolymph 
collection is a non-sterile procedure in which samples can be 
exposed to various bacterial flora.

Our use of commercial trehalase was effective in measur-
ing indirectly the trehalose concentration in hemolymph 
samples. Because the recovery was <100% (77%), the mea-
sured trehalose concentration might be slightly lower than 
the actual trehalose concentration in honeybee hemolymph. 
This weakness also needs to be considered when interpreting 
the total sugar (glucose and trehalose) concentration in the 
hemolymph sample.

Sample storage may influence water volume in hemo-
lymph samples. Indeed, the glucose concentration might 
change secondary to condensation. However, based on our 
experience (not shown), this phenomenon has less signifi-
cance than endogenous trehalase activity.
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