Bee Time:
Ancient, Reversible, and Counting on a New Era

Rob Page’s work over 19 years with the
development of two strains of bees that prefer
pollen or nectar foraging revealed surprising
related traits. Page, who started the School of
Life Sciences at Arizona State University
where he now heads the largest bee lab in
North America, has the honor of being named
a Fellow of the American Academy of Arts
and Sciences.
Photo by Kathy Keatley Garvey, U.C. Davis
Department of Entomology

Here is a story about time -- evolutionary
time when honey bees diverged from solitary
bees; developmental time from house bee to
forager, when aging can stand still or move both
backward and forward; future time that could
enhance human neurological health. If all that
seems a bit abstract, consider that this story is also
about present time, where unexpected facts tweak
conventional wisdom about the “good bee.” By
any standard, it is a remarkable story.
It begins with the last mysterious crash of
the bees, the “disappearing disease” of the 1980’s,
and a theory the legendary researcher Walter
Rothenbuhler explored with his colleagues at Ohio
State University -- among them evolutionary
biologist Rob Page. Much like current thinking
about colony collapse disorder (CCD), they
thought nutrition was an element, and they
showed that inadequate pollen could cause bee
loss. The group showed that preference for pollen
gathering could be modified by breeding. The lab,
now named for Rothenbuhler, produced two
different strains of bees by selecting for high and
low levels of pollen collecting. The rapid
separation of the two strains over four
generations, with the high level bees gathering
many times more pollen than the low level bees,
suggested that the trait was genetically
determined. Moreover, the pollen hoarders
changed in so many ways it appeared that
polygenic inheritance (more than one gene) was
involved.
When Page came from Rothenbuhler’s lab
to the University of California at Davis, he
brought with him intriguing questions raised by
this experiment. He also brought with him bee
geneticist Kim Fondrk, who had worked with the
bees. In 1990, as Page and Fondrk pulled frames
in a bee yard looking for wide bands of pollen to
start a new breeding project, they had no idea how
far it would lead or that it woulden gross them
both for nearly twenty more years.
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by M.E.A. McNeil

Bee geneticist Kim Fondrk, who has been
working with pollen hording strains of bees
for nearly thirty years, has returned to Davis
with the research colonies.
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As expected, the bees bred to collect more pollen did just that. By the third and fourth
generations the high pollen collecting strain of bees was creating eight times more pollen stores
than the low strain. “It’s pretty amazing,” said Fondrk. The bees have become the most studied
research stock ever, with some 30 scientists having published more than 50
papers on their traits.
When Page founded the School of Life Sciences at Arizona
State University, Fondrk and the bees moved with him, together
with a promising Norwegian post doc, Gro Amdam. This year, the
33rd generation of the bees is being bred by Fondrik, back again at
Davis. The small hives are easier to maintain there without
Arizona’s heat or looming African honey bees, and queens will be
shipped back to ASU for study. Amdam, now on the ASU faculty,
has taken the work into a new realm.
But the story gets ahead of itself.
It was known that when a worker begins foraging in the
second or third week of her life, she will gather pollen, nectar, water
and propolis -- with some of her sisters showing a preference and a
few gathering only one substance. The goal of the breeding project
was to create two contrasting strains of bees with a bias for either
Gro Amdam, an associate
pollen or nectar collecting.
professor in the School of
A “round robin” mating plan was begun at Davis: From Life Sciences at Arizona
colonies with either preference, 150 virgin queens were selected and State University, has
instrumentally inseminated. From them, the 50 best were divided received grants for $1.4
into groups: three million from the Norwegian
Research Council to
separate
h i g h investigate factors that
pollen collecting in flu ence a g ing a nd
lines and three low longevity in honeybees.
pollen gathering Three months of the year
lines. Each new she works in her lab at the
Norwegian University of
mating revolves to Life Sciences in Norway.
the east related line
within each strain.
Even so, every third generation all six lines are
outcrossed to other colonies, chosen for the
same foraging bias. This prevents inbreeding,
which produces “shot brood” (where
diploid drone larvae, with a common sex
allele, are eaten by the workers). Selection is
made on a colony level; no individual bees are
The precociousness of the pollen hoarding strain of tested. Pollen assessment is made toward the
bees extends to the drones, which fly sooner than end of almond bloom and in the summer to
those of the nectar gatherers.
choose queens for the next round of mating.
But with foraging preference came a group of
other characteristics, seemingly disparate traits that didn’t tie themselves neatly into a
hypothesis: The pollen hoarding workers collected more on a single trip and were less likely to
return empty, as bees sometimes do. The onset of foraging came on earlier, and the drones fly
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sooner. They were including nectars with
lower sugar content than the nectar gathering
strain, and they were more likely to forage for
water. They had a higher level of the protein
vitellogenin (Vg), usually associated with
reproduction, and the normally
non-reproductive workers had more ovarioles
(the tubes that compose the ovaries). And
they lived longer.
Page set up a test for the difference in
the sugar concentrations in nectar gathered by
the two different strains. Bees have an
nvoluntary response to sugar, the proboscis
extension reflex, which Page likens to the
reaction of a human knee hit with the doctor’s
rubber hammer. Both groups of bees, placed
in tiny tubes with their heads exposed, were “It is not uncommon to see frames like this in the
given water with varying concentrations of high pollen colonies when I evaluate them. The
sugar. Even though nectar was its preference, frame in the picture has about 100 square inches of
the low pollen foraging strain required a pollen.” Kim Fondrk, bee geneticist, who has
returned to U.C. Davis to continue the breeding
much higher sugar saturation to trigger the program.
response than the high strain. It accounts for
the nectar gatherers coming back more often empty, when no nectar is sweet enough, and the
pollen gatherers more often carrying a pay-load of nectar -- even though it is not their foraging
preference. Further, there proved to be a difference between the two strains in tactile and
olfactory learning with the pollen hoarding bees performing better.

Testing high and low pollen hoarding bees for a reflexive response to varying levels of sucrose in
Page’s lab revealed that the high strain includes nectars with a lower saturation, explaining why
they return to the hive less often with no nectar.
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Amdam took on the research on the protein vitellogenin. What was known is that for a
broad range of egg-laying species, Vg is associated with reproduction -- as it is for the queen
honey bee, who absorbs it through the ovary into egg yolk proteins. But it was a mystery why it
was produced at all by non-reproductive workers and why the pollen hoarding workers had
more. “It didn’t make sense,” Amdam said. She thought it might be “evolutionary luggage.”
In her research at Davis she was able to connect Vg with the production of royal jelly by
nurse bees, who process it through their pharyngeal glands and feed it to brood. She further
found that Vg suppresses juvenile hormone (JH); conversely a drop in Vg results in a rise in JH,
triggering foraging behavior. As Eric Mussen of U.C.Davis explains, “There is no reason for a
forager to carry stored food.”
That the pollen hoarding bees had more Vg was a part of the mystery that remained
unsolved. “In some way the workers have a ground plan, and end up with a behavioral
phenotype,” said Page, “So if you change something, other things change -- not independent
parts but linked by an ontogenetic (developmental) pattern.” But what pattern?
Gro Amdam was on her way to collaborate with researchers in Brazil when her study
bees were confiscated at the airport. Stuck without her planned work, she spent her stay musing
over related research. As she reviewed a paper on the influence of ovarian development in
wasps by Mary Jane West Eberhart, something fell into place, and the pattern emerged. What
she understood became part of her PhD thesis at the University of Life Sciences in Norway.

Kim Fondrk working his bees in the Roy Gill almond orchard in Dixon, California.

The Norwegian doctorate program involves a session in which an international authority
opposes the candidate to, as Amdam put it, “fry you in your own fat.” In 2003, Page was chosen
for the role. The second eureka moment in this story came when he prepared for the roasting by
reading her dissertation on the Vg/JH trigger for foraging behavior.
“I looked at her thesis and thought, ‘Yes, this is the answer!’” said Page. They had
developed their research closely, but “I had gotten as far as the ovary,” he said. She had made
the next simple, elegant, connection.
The life of a female solitary insect follows an egg laying cycle, with the state of the
ovary connected with behavior. Page gives the example of the mosquito, which emerges to
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forage on nectar until ovaries develop with a shift to foraging for blood. After egg laying, the
cycle begins again. What Amdam saw is that Page’s strain of high pollen collecting honey bees
has become locked in the protein-collecting phase of the ancestral pattern in solitary insects.
That part of the egg-laying cycle was evolutionarily co-opted to supply brood food by the
nurses, even though the workers’ reproductive systems are no longer usually active. The
enlarged ovarioles suggest the link to that reproductive heritage. Said Page, “The ovaries rule.”
Page and his colleagues had shown that social behavior could be mapped to the genome
by connecting the varied foraging behaviors of his research bees to regions of the genome
called linkage groups. They mapped a chunk of DNA for pollen-hoarding traits so that it could
be located when the honey bee genome was decoded. Fondrk noted that high pollen hoarding
behavior was observed as a recessive trait.

A queen of the pollen hoarding strain.

Page and Amdam were part of the large consortium of researchers that contributed to
the honey bee genome, which was published in 2005. Before that, Amdan said, “The bee was
the poster child” for the expected discovery of many new genes responsible for social behavior.
In fact, the number of honey bee genes overall was smaller than for the solitary fly. Why?
Page, working with other researchers, discovered that the genetic recombination rate
(evolutionary reshuffling of DNA) in Apis mellifera is the highest of all animals – ten times
greater that that of flies or humans. That makes the honey bee an extraordinarily good organism
for study because the more frequently the same genes are regrouped in each generation, the
smaller the identified region. An important strategy in biology is to find the simplest
experimental models, giving researchers a better chance of identifying specific genes related to
behavior.
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An ah-ha moment came with a revelation from the bee genome that could not be
accounted for by chance: genes involving regulation of the female reproductive cycle in solitary
insects were found in the genomic regions for honey bee foraging – a tidy fit with the
hypothesis that was put together from disparate clues.
Recognition followed: Page has been elected to the prestigious American Academy of
Arts and Sciences. Amdam has received grants both as a Pew Scholar in Biomedical Science
and as Outstanding Young Investigator from the Norwegian Research Council. The
accompanying funding will allow her to expand work with the pollen hoarding bees as well as a
group of diatinus (long lived) bees in Norway that survive as long as nine months over Nordic
winters. That makes them, together with the American strains, ideal study subjects on aging and
longevity.
Amdam’s project has
joined two areas of study for
the first time: honey bee
behavioral physiology and
comparative neurogerontology
(aging of the brain and
nervous system). She has
begun with vitellogenin, the
protein that she describes as
acting at the intersection
between social behavior and
aging.
To understand the
molecular properties of Vg, a
protein too large to be easily
studied, several approaches
have to be used – among them
crystallography
a n d Gro Amdam (right) examining a Norwegian design hive called the
spectroscopy. A new technique Jenter Queen Breeding System. Only five inches wide, it opens like a
called RNA interference book. Each square is a module developed for collecting eggs.
(RNAi), which Amdam
adapted for use in adult honey bees, will be used to knock down specific related genes to
observe the effect on behavior. It appears that Vg can be active in signal transduction and may
be involved in triggering nectar or pollen collecting.
The Norwegian diatinus bees store Vg “like little lunch boxes,” says Amdam, to cover
the need for amino acids during the long winter. When the Vg gene was knocked down in these
bees, they were more susceptible to oxidative stress. Accumulation of oxidative stress causes
damage to brain tissues – aging in bees as well as in humans. Theorizing that Vg could be an
anti-oxidant in bees, Amdam and her lab were able to show that Vg activity protects the bee
against the oxidative damage of the herbicide paraquat. Vg was preferentially damaged, acting
as a buffer, taking the oxidation stress.
The aging of the brain in bees is a flexible process found in no other species, according
to Amdam. The roles of worker bees vary with the needs of the colony, with old foragers
sometimes required to revert to the task of younger bees, nursing the larvae in the hive. This
change of role can reverse aging in bees.
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“Behavioral reversal triggers a systemic response, one
which translates into a unique cascade of cell repair in bees,”
said Amdam who is studying this phenomenon with Norwegian
researcher Siri-Christine Seehuus. A decline in learning, normal
in foragers, is reversed for about half the bees reverting to the
role of nurse.
“The bee brain is microscopic, a cubic millimeter, not
much to work with,” said Amdam, “But oxidative stress appears
in aging in all organisms. When we do research at the cellular
level, the biochemical events are similar to humans.”
This is not a quest for the fountain of youth: “I don’t Time can stand still and even
reverse in the aging process
think anything we are doing will reduce aging in humans,” said for honey bees, according to
Amdam. But this work could become the first model for the research of Gro Amdam in
remission of the oxidative brain damage that is a fundamental la b s a t A rizo n a S ta te
pathology in Alzheimer’s and Parkinson’s diseases. “There is University and in Norway.
hope that principles we find can be tested in other organisms
closer to humans. This is really, really exciting data on the
reversibility of the brain.”
There remains one more unresolved chapter to this story:
the present. A honey bee decline, since the 1940’s, has now become a crisis. The Apiary
Inspectors of America reported that about half of commercial beekeepers had extremely high
losses last year. A theme in beekeepers’ presentations on CCD at the national conference in
Sacramento was this: We have continued keeping bees the same way, so what is wrong?
Conventional wisdom says that the good bee is the honey producing bee. We have ogled
the hives supered higher than the beekeeper. The bees that have been instinctually selected for
breeding by commercial and backyard beekeepers alike have been, for generations, the best
honey producers.
The uncomfortable truth is that the high nectar gathering strain in Page’s research has
less of the crucial protein vitellogenin that feeds the brood, fortifies winter bees, and prolongs
the life of the queen. Nectar foragers have suppressed vitellogenin levels and live shorter lives.
What if Page and his colleagues have proven how Rothenbuhler’s hunch about the bee
crash of the 1960’s was right? What if the current crash, not to mention the half century decline,
has a similar nutritional element? The working hypothesis of the CCD research group lists
nutrition on its short list of primary stresses (with management, pesticides and mites). They
propose that pathogens (viruses, nosemas, fungi) are secondary, infecting the already weakened
hive.
“A lot of breeding programs are removing pollen hoarding alleles from the population.
But bees need to collect more pollen for survival,” said Fondrk.
Page encouraged beekeepers, “It’s easy to select for more pollen. Just look at the pollen
strands.” He added, “But don’t expect to breed for one thing.” He says that the bees with
correspondingly higher vitellegellen stores can be hardier during the winter and spring. He
observed that Sue Coby’s bees at U.C. Davis collect more pollen than most commercial bees
and notes that surviving feral populations are more similar to the pollen hoarding strain.
This story of bee time has come full circle, connecting the reproductive cycle of ancient
bees to a future of hope for the health of bees and humans alike. But the story has not ended;
these revelations have created a new paradigm for beekeepers -- and more mysteries to solve.
It’s a matter of time.
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