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Upon their first introduction to Americas in 1956, African honey bees (Apis mellifera
scutellata) hybridized with the previously introduced and already established European
honey bees (EHBs). The resulting Africanized honey bees (AHBs) have spread through
the continental tropics of the Western Hemisphere. The expansion of AHB has been
constrained in temperate climates generally thought to be because of a lack of key
adaptations required for successful overwintering. A drastic increase in longevity during
broodless periods is crucial to colony survival. In the temperate regions, honey bee
colonies become broodless in winter. While tropical regions do not experience winters
as temperate zones do, seasonal changes in the abundance of floral resources cause
variation in brood levels throughout the year. Here we use an island population of AHB
in Puerto Rico (gAHB) to test the capacity of tropical-adapted honey bees to alter
their longevity in different seasons, as well as under brood manipulation. We found
that worker longevity in the gAHB colonies increases in the wet season (maximum
longevity ca. 88 days vs. 56 days) in response to dearth of floral resources. A more
pronounced increase in longevity was observed in response to manipulative reduction
of the amount of open brood (maximum longevity 154 days). In addition, long lived
gAHB demonstrated the signature winter bee-like hypopharyngeal gland size (average
acini diameter 100.8 ± 6.2 µm at 65 and 70 days of age, N = 26), intermediate between
forager (88.7 ± 5.9 µm, N = 24) and nurse (129.5 ± 8.1 µm, N = 24) gland size. We
showed that gAHBs do not lack the adaptation to alter their longevity seasonally, though
the magnitude of changes is less intense than those observed in EHBs during temperate
winters. This suggests that increased longevity in response to limited capacity to rear
brood is a shared character of Africanized and European honey bees.

Keywords: honey bees, life-span, brood, tropics, seasonal dearth

INTRODUCTION

Present honey bee distribution spans every continent except Antarctica. However, the species
originated in lower latitudes and is unlikely to have experienced temperate climates until major
expansions into higher latitudes (Cridland et al., 2017). Temperate winters are marked by low
temperatures and a lack of floral resources. While extreme low temperatures are not a part of
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the tropical climate, seasonal dwindling of floral resources is a
shared feature between the two regions (Little et al., 1977). Honey
bees differ from virtually all other insects in their overwintering
strategy. Rather than undergoing dormancy, honey bees survive
the winter in a metabolically and physically active state using the
food stored earlier in spring and summer and generating heat
inside the thermoregulatory cluster (Stabentheiner et al., 2003,
reviewed in Döke et al., 2015). Beginning at the end of summer
and early fall, worker bees with increased longevity (up to four
times that of spring months) gradually appear in the colonies
(Fluri et al., 1982). By mid-fall, long-lived workers constitute
the majority of the hive population (Fukuda and Sekiguchi,
1966; Mattila et al., 2001). In addition to the greater longevity,
winter bees are different from their sisters that were produced
in spring in their hypopharyngeal gland size, juvenile hormone
and vitellogenin levels, and hemolymph protein content (Fluri
et al., 1982). As part of this strategy, colonies reduce brood
production during the winter months which creates a need for
the existing workers (produced in fall) to sustain the colony
population into the next spring (McLellan, 1978). There are
two possible evolutionary histories for the winter-adaptive traits:
(1) There has been selection as populations radiated into the
temperate climates, favoring new variants with winter-adaptive
traits (i.e., adaptive evolution) or (2) existing traits utilized to
cope with environmental stressors in the tropics were coopted
(i.e., exaptation). Examining flexible longevity in the introduced
tropical honey bee populations in Americas can provide evidence
in support of one or both scenarios.

The AHB populations in the Western Hemisphere were
originally introduced in Brazil in 1956 and have subsequently
hybridized with EHB previously brought over from Europe in
the 1600s (Pinto et al., 2007; Rivera-Marchand et al., 2008; Kono
et al., 2015; Lin et al., 2018). In an earlier study, it is reported that
AHB in Venezuela demonstrated change in brood production
over the tropical seasonal cycles suggesting tropical bees exhibit
some degree of seasonal response (Winston et al., 2016). Here,
we examined another tropical population of honey bees on the
island of Puerto Rico (PR). The bees in PR are derived from
Africanized honey bees, likely introduced from Texas ca. 1994
(Galindo-Cardona et al., 2013; Acevedo et al., 2019) and named
gentle Africanized honey bees (gAHB) given a secondary, drastic
reduction of colony defensive response (Rivera-Marchand et al.,
2012; Avalos et al., 2017). In this study, we tested the capacity
of gAHB to alter their longevity in accordance with different
seasons and colony reproductive states in observational and
experimental studies.

In PR, bees do not experience the same degree of cold
stress that bees in temperate regions experience. Ambient
temperatures in PR oscillate minimally both daily (maximum
8◦C change within a day) and seasonally (maximum 3.5◦C
change between monthly average temperatures)1. However,
despite relatively stable and warmer temperatures, PR has strong
seasonal differences based on flower phenology (Figure 1).
These differences in flower phenology create a similar stressor
to temperate regions where forage resources are abundant in

1https://www.weather.gov/sju/climo_pr_usvi_normals

one part of the year and heavily reduced in the other. The
decoupling of resource availability and cold stress, combined
with the evolutionary history of the honey bees on the Island,
makes PR an excellent location to test whether increased worker
longevity is a winter-specific adaptation or a more generalized
response to seasonal dearth.

While long-lived bees occur naturally in fall, their production
can also be induced in summer by confining the queen in
a cage inside the hive and thus preventing brood production
(Maurizio, 1950; Fukuda and Sekiguchi, 1966; Fluri et al., 1982).
In manipulative studies, the reduction in brood or open brood
(i.e., larvae less than 5 days of age that require feeding by
nurse bees) results in increased longevity (Maurizio, 1950, 1954;
Eishchen et al., 1982; Omholt, 1988; Harbo, 1993; Amdam et al.,
2009; Smedal et al., 2009; Döke et al., 2015). However, the studies
demonstrating that limiting brood production generated workers
displaying winter physiology were conducted with colonies
from populations of EHB known to overwinter successfully in
the temperate regions. Changes in longevity of tropical bees,
either seasonally or induced by brood manipulations, have not
been studied before.

In this study, we followed paint marked cohorts of worker
honey bees within the colonies in our field station in PR to
establish a baseline for the seasonal change in longevity in a
tropical setting. We next tested the effect of experimentally
induced reduction in brood availability, and its effect on traits
generally considered winter-specific. We hypothesize that the
presence of changes in winter-specific traits in a population that
has been historically exempt from the burden of overwintering
would suggest these are general adaptations induced by
environmental stressors. Alternately, if no change is observed in
gAHB, then adaptations must have evolved during the radiation
to temperate regions and are maintained by selective pressure
specific to winter conditions.

MATERIALS AND METHODS

Sources of Bees
All experimental gAHB colonies were maintained according
standard techniques (Kevan, 2007) in the apiary located at
the Agricultural Experimental Station of the University of PR
Mayaguez in Gurabo, PR (N 18.257294, W 65.987871).

Seasonal Change in Worker Longevity
In October, 2018, we set up two healthy colonies, each with
10 frames of worker bees (∼20 k bees), pollen, honey, capped
and uncapped brood and a mated, laying queen. One of the
colonies was selected as a donor for all the emerging adult
bees to be marked and introduced into both colonies. Using
a single source for the introduced workers provides a uniform
genetic background for the subjects and thus limiting simplifying
the experimental design compared to having two separate
genetic backgrounds included as an independent variable. In the
beginning of October, frames of capped brood ready to emerge
were selected from each colony and placed in an incubator at
34◦C with 60% relative humidity for approximately 24 h. One
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FIGURE 1 | Flower phenology in PR. (A) Blooming rate of the 61 trees in PR that are regularly visited by the honey bees throughout the year. (B) In PR, the number
of species in bloom is highest in June and lowest in December. For 4 months (October–January) floral resources are scarce with an average of ten species in bloom
compared to the other 8 months (February–September) when, on average, 29 species are flowering. Data from Little et al. (1977).

single cohort of 1,000 1-day old bees were paint marked on the
thorax (Testors Paint, Rockford, IL) and 500 one-day-old bees
were released into each colony. The number of marked survivors
in each colony were recorded every 12 days until no more marked
bees were observed in November. The counts were made by
observing marked workers on frames and inner surfaces of the
hive body early in the morning to avoid miscounting due to
increased flight activity later in the day (Mattila et al., 2001).

Another set of longevity data collected from colonies set up
in March 2018 is used for comparing worker longevity between
seasons (see below for details). We used the data from control
colonies which are unmanipulated (i.e., have mated, laying
queens instead of caged queens). These were also the control
colonies in the experiment testing the effect of elimination of
open brood on worker longevity. Please note that we decided to
report our results out of chronological order and rather based on
a logical order for more effectively communicating the findings
from separate and their relation to each other.

In October 2018, average temperature for the month was
27.7◦C with a high of 32.8◦C and low of 23.9◦C; whereas, average
temperature in March 2018 was 25.9◦C with a high of 32.2◦C and
a low of 21.1◦C2.

Worker Longevity in Colonies With
Curtailed Open Brood
In mid-March, 2018, 10 nucleus colonies each with 5 deep frames
were established from existing full-size colonies in our research
apiary. Control colonies (N = 5) composed of 1 empty frame

2https://w2.weather.gov/climate/index.php?wfo=sju

with foundation, 1 frame of honey, 1 frame of pollen, and 2
frames of open brood and treatment colonies (N = 5) composed
of 1 empty frame with foundation, 1 frame of honey, 1 frame
of pollen, and 2 frames of capped brood for treatment colonies
(see Figure 2, Step 1). Control colonies had laying queens while
in treatment colonies, the queen was separated from workers
via a push-cage (Maurizio, 1954; Fluri et al., 1982). The push-
cage for queen confinement was made using wire mesh as in
Le Conte et al. (2001) and this separation of the worker and
queen breaks the brood production as the small number of eggs
laid by the queen cannot be cared for by nurse bees. At the
point of establishment all five frames in each colony were fully
covered in worker bees bringing the colony population to an
estimated 15000 workers (Jeffree, 1951). Upon establishment of
the nucleus colonies, frames of capped brood that are ready to
emerge were collected from several full-size colonies in the same
apiary and placed in an incubator at 34◦C with 60% relative
humidity for approximately 24 h (see Figure 2, Step 2). Over
the next 2 days, 4000 1-day-old bees were paint-marked on the
thorax (Testors Paint, Rockford, IL) and then 400 bees were
introduced to each of 10 colonies to establish single cohort
of bees of known age in each colony (Mattila et al., 2001,
See Figure 2, Step 3). The treatment colonies were monitored
regularly to ensure the queens were alive in the cage (Smedal
et al., 2009). Colonies which became queenless (4 out of 10)
were removed from the study and not included in the analyses
even when data was collected prior to their removal. Periodical
survival checks were made every 2 weeks from April until
there were no marked survivors in the colonies (see Figure 2,
Step 4). The counts were made early in the morning to avoid
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FIGURE 2 | Overview of the overall strategy, materials, and methods for worker life-span with reduced brood rearing. Control Colonies (CC) were set up to
approximate the typical conditions of a colony in spring. Although no uncapped brood was present in Treatment Colonies (TC), overall amount of brood was
equalized between the CC and TC by introducing capped brood from CC to TC as needed.

miscounting due to increased flight activity later in the day
(Mattila et al., 2001).

Sample Collection
Worker honey bees were collected from both control and
treatment (curtailed brood) colonies that were established in
March 2018. Twelve days after the introduction of marked worker
bees, nurses were collected via behavioral observations of brood
care, while the bees were feeding the young brood (as in Vannette
et al., 2015). Twenty-one days after the introduction of marked
worker bees, foragers were collected by temporarily blocking the
hive entrance using a wire mesh and individually picking the
workers coming back from foraging flights with a visible load
of pollen (as in Giray et al., 1999; Vannette et al., 2015). Later
samples were collected from inside the nucleus colonies merely
based on marked worker age (45, 65, and 70 days old). All samples
were collected into liquid nitrogen in the field, transported to the
laboratory on dry ice in an insulated box, and kept at−80◦C until
processing (Grozinger et al., 2003).

Dissections and Hypopharyngeal Gland
Measurements
Four bees per colony (age and treatment) were dissected. Frozen
samples were kept on dry ice throughout their handling and the
hypopharyngeal gland (HPG) was removed under a dissection
microscope (Nikon C-LEDS, produced Nikon Instruments Inc.,
NY, United States). Dissected HPGs were kept in RNAlater ICE
Frozen Tissue Transition Solution (Thermo Fisher Scientific,
MA, United States) until measurement of the acini diameter as an
estimate of the HPG size (Renzi et al., 2016). The diameter of one
acinus per sample was digitally measured in µm (Nikon Eclipse

E200 microscope connected to a Nikon DS-Fi2 camera, Nikon
Instruments Inc., NY, United States), then the mean acini size
was calculated for each group. While it is common practice to use
multiple acini measurements from each individual, the coefficient
of variation within individual was small enough (0.09–0.21) to
use single acinus data per worker with confidence to compare
groups of workers (Shechtman, 2013).

Statistical Analyses
Kaplan-Meier Survival Analysis (Goel et al., 2009) was employed
to compare the longevity of both cohorts of worker bees from
different times in the year and cohorts from the manipulated
versus control colonies. ANOVA was used to compare the acini
size of worker bees of differing age that were collected from
the experimental colonies. All statistical analyses were completed
using JMP (JMP R©, Version 14. SAS Institute Inc., Cary, NC,
1989–2019) and graphs were plotted using Prism (GraphPad
Prism version 6.00 for Mac OS X, GraphPad Software, La
Jolla, CA, United States). Additionally, Microsoft R© PowerPoint R©

2016 and an open access vector graphics software, INKSCAPE
(Version 0.92) were used in image preparation.

RESULTS

Seasonal Change in Worker Longevity
Mean and standard deviation of longevity for worker bees
in October cohort (1000 individuals from 2 colonies) was
26.8 ± 22.1 days, significantly longer than the 23.6 ± 12.9 days
for the March cohort (2,000 individuals from 5 colonies) (Kaplan-
Meier Survival Analysis, Log-Rank p << 0.05). None of the
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workers introduced to the colonies in March survived beyond
56 days while workers introduced in October had survivors up
to 88 days (Figure 3). Note that the data represented as “March
cohort” is the same as the data for control colonies (i.e., with
mated, laying queen) in the manipulative experiment where half
of the colonies had curtailed open brood. We chose to use this
data for both comparisons because control colonies were non-
manipulated and thus constitute a good representation of natural
longevity for the season in which they were observed.

Worker Longevity in Colonies With
Curtailed Brood Production
Maximum longevity in the treatment colonies was 154 days,
while the bees of control colonies survived up to 56 days. Mean
and standard deviation of longevity for worker bees released to
colonies without open brood was 35.2 ± 24.5 days, significantly
longer than the 23.6 ± 12.9 days for the workers in control
colonies (Kaplan-Meier Survival Analysis Log-Rank p << 0.05,
Figure 4). We also explored the effect of colony identity on
longevity via comparing colonies within control and treatment

FIGURE 3 | Monitoring the longevity of worker bees in different months in PR.
Cohort of 1-day old bees introduced in October had significantly greater
longevity than the ones introduced in March (26.8 ± 0.7 days vs.
23.6 ± 0.3 days, Kaplan-Meier Survival Analysis Log-Rank p << 0.05).

FIGURE 4 | Worker longevity is significantly higher in colonies with no open
brood in comparison with control colonies (Kaplan-Meier Survival Analysis
Log-Rank p << 0.05).

groups and found a significant colony effect in each case (Kaplan-
Meier Survival Analysis Log-Rank p << 0.05). Nevertheless, the
range at which mean survival time in control colonies varied
(19.7–26.9) was outside the range of mean survival in colonies
with curtailed brood (31.0–39.3).

In both manipulated and natural colonies we observed large
number of early losses of marked bees. Based on our observations,
early deaths (noted at the first census) are due to the stress of
handling and rejection by older workers in the recipient colonies.
Early deaths in our data are in line with what was observed in
introduced cohorts of bees in European honey bees in temperate
regions (Mattila et al., 2001).

Acini Size of HPGs in Different Bee Types
As a reliable estimate of overall HPG size (Deseyn and Billen,
2005) acini diameter was measured for worker honey bees
of different ages from control and treatment colonies. Acini
diameter was significantly different across the bees of different
age where 12-day-old nurses had the largest (129.5 ± 8.1 µm)
and 21 day-old foragers had the smallest acini (88.7 ± 5.9 µm)
(ANOVA, p << 0.05, Figure 5). Bees from treatment colonies
exhibiting extreme longevity (65–75 days) had an intermediate
acini size (100.8± 6.2 µm).

While the acini size for 12 day-old nurses was not different
between the treatment and control colonies, there was a small
but significant difference between the acini size of workers
collected at the age of 21 and 45 days from manipulated and
unmanipulated colonies. Note that there are no samples from
control colonies after the 45-day time point because no workers
survived to the next sampling day (65) in control colonies.

We explored the effect of colony environment on acini size via
a nested ANOVA where colonies were nested within age groups
and found that colony environment accounts for 14% of the total

FIGURE 5 | Acini size of different bees collected at different times from
treatment and control colonies. Hypopharyngeal gland acini size were
significantly different between groups; largest in nurses, smallest in foragers,
and intermediate in the long-lived winter-like bees (ANOVA, p << 0.05).
Different letters denote significant differences in acini size between groups
(Student’s t-Test, p < 0.05).
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variation observed while the remaining 86% can be attributed
to brood status.

DISCUSSION

Here, we show increased longevity under typical seasonal
conditions and upon brood manipulation in a tropical-adapted
honey bee. Worker honey bees in temperate regions live up to
60 days in foraging season while a subpopulation of workers
produced at the end of summer survive routinely more than
200 days through the winter (Fukuda and Sekiguchi, 1966;
Southwick, 1991; Mattila et al., 2001). In this study, average
worker longevity was significantly higher in the dearth season
compared to when resources are ample. The direction of change
in worker longevity was similar to reported for the honey bees
in temperate regions, though less pronounced. By eliminating
open brood, younger larvae that are fed by nurse bees and
in cells that are not sealed with silk and wax, the gAHB
workers were “winterized” and lived up to 5 months in spring
and summer months.

One caveat of our study is that the longevity data collected in
October came from worker bees harvested from a single colony
and placed into two colonies upon marking them. Thus, all
individuals involved are daughters of the same queen. However,
naturally mated queen honey bees provide a large level of genetic
variation because each queen mates with multiple drones (Kraus
et al., 2005; Withrow and Tarpy, 2018). While not removing
the influence of genetics on longevity, this approach provides a
uniform genetic base instead of introducing various genetic make
ups to the experimental design as an additional variable. Our
results from the two independent colonies where open brood
was eliminated via caging the queen and findings from earlier
research in the temperate regions suggest that increased worker
longevity in response to decreased brood is a general response in
honey bees. In the future, experiments comparing various genetic
backgrounds under brood-manipulated conditions as well as in
different seasons could properly examine the interaction of genes
with the signals for the seasonal change in worker longevity.

We also examined the HPGs of gAHBs. Size of HPG
changes with the age and task of the bee in the hive, reflecting
the behavioral status of the bee (Smodiš Škerl and Gregorc,
2015). Brood pheromone (BP) acts as a primer pheromone
and facilitates the protein synthesis in the HPGs of workers
(Brouwers, 1983; Huang and Otis, 1989; DeGrandi-Hoffman
et al., 2010), which explains the largest HPG size of nurse bees.
Interestingly, workers in winter have larger HPGs than summer
foragers despite the lack of open brood (Moritz and Crailsheim,
1987; Hrassnigg and Crailsheim, 1998; Smodiš Škerl and Gregorc,
2015), suggesting a more complex effect of BP and interactions
with brood on worker HPG size. The mean HPG size of the
long-lived workers in gAHB colonies without open brood was
larger than that of foragers and smaller than that of nurses as
was previously shown for long-lived European honey bees in
temperate regions (Fluri et al., 1982).

When taken together, the change in longevity and HPG size
in the workers in colonies without open brood during floral

abundance as in the March experiment, suggest that external
seasonal conditions are indirectly communicated to the members
through the change in the brood rearing capacity of the colony.
Therefore, reduction in brood constitutes a signal for the existing
workers to alter their biology in an adaptive manner in order to
survive longer than usual through the dearth season. Previous
studies in the temperate region show a gradual increase in
the ratio of winter bees within the overall colony population
corresponding to a gradual decrease in the brood rearing (Mattila
et al., 2001; Mattila and Otis, 2007). This gradual change in
proportion of long-lived bees implies the existence of a threshold
effect where some workers respond to the brood signal earlier
than the others. We have not examined systematically the change
in brood production in PR honey bee colonies over the year.
However, colony records for the amount of brood measured as
combs with brood cataloged during the regular inspection of
the hives by our field technician provides preliminary support.
We present in Supplementary Material Appendix A records for
11 hives between February 2015 and January 2016 (number
of hives were dictated by continuity). There was a significant
effect of month of the year on the number of frames of
brood [F(17,179) = 1.78, p < 0.05], with the lowest brood
levels between the months of August and January (4.45 ± 0.12
frames), and highest between the months of February and July
(5,47 ± 0.19 frames. These periods correspond, respectively, to
presence of scarce versus abundant forage (Little et al., 1977
and Figure 1). Additional ambient cues such as daily cycles in
temperature, light, humidity may be functioning as predictive
zeitgebers alongside the brood signal (Frisch and Aschoff, 1987;
Giannoni-Guzman et al., 2014; Moore, 2016). Nevertheless, the
fact that simply removing open brood in gAHB colonies in PR
in spring affects the life-span of worker bees shows that brood
availability is a key component of the signal for seasonal change
in workers physiology.

In gAHB of PR the change in worker longevity in response
to reduced open brood is similar to what was observed in
overwintering EHB colonies in the temperate regions. The
gAHBs are an introduction from an Africanized population that
likely originally from Texas ca. 1994 (Acevedo et al., 2019).
In general, AHBs are reportedly less successful than EHBs in
overwintering (Villa and Rinderer, 1993). The leading hypothesis
for this difference is that Africanized honey bees could be lacking
in flexibility to produce longer-lived winter workers which is
critical for keeping the colony population alive when brood
is reduced (Southwick, 1991). However, African honey bees
routinely survive broodless conditions as a part of their life cycle
(McNally and Schneider, 1992). While European honey bees stop
or severely limit brood rearing in at least part of the winter,
African honey bees become broodless for 4 to 6 weeks during
migration (Grozinger et al., 2014). Nevertheless, AHBs have
exhibited limited success in expanding into temperate climates
in spite of their remarkably rapid spread elsewhere (Kono et al.,
2015; Lin et al., 2018) suggesting that flexibility in worker
longevity is necessary but certainly not sufficient for honey bee
colonies to survive through the temperate winter. Successful
colonies must also act proactively to perceive the change in
seasons and accumulate floral resources that will sustain them
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through dearth (Seeley and Visscher, 1985; Döke et al., 2015,
2018) unlike their tropical counterparts who still have access to
a greatly reduced but still present number of flowering plants
(Little et al., 1977). Moreover, colonies in temperate regions must
successfully thermoregulate to keep the surface of the winter
cluster above the cold-paralysis threshold of 10–12◦C against
extreme ambient temperatures (Seeley, 1989; Southwick, 1991;
Döke et al., 2015). In case of gAHB in PR, there is evidence
that this population has been under selection, likely to increase
hoarding in expense of colony defense (Rivera-Marchand et al.,
2012; Avalos et al., 2017). This could place the gAHB population
at an advantage over other AHBs in the mainland for expansion
further into the temperate zones.

Lack of open brood constituting a reliable signal for the shift
in worker longevity in both temperate and tropical settings in
both European and Africanized honey bees suggests the existence
of conserved biochemical and neurological mechanisms to asses
and react to seasonal change. These mechanisms could have been
acquired in an earlier stage of honey bee evolutionary history,
prior to radiating to colder parts of the globe. There may have
been further selection on each of these traits at various levels
in different populations where colonies are faced with specific
stressors of temperate winters versus tropical dearth. Genomic
comparisons between the bee stocks of tropics and temperate
regions can provide valuable information on the parts of the
genome under selection for specific stressors.
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