
much more than just information transfer,

especially in science. New information needs

to be connected to preexisting knowledge in

the student’s mind. Students need to develop

models to see how science works. Instead, my

students were relying on rote memorization.

Reflecting on my own education, I believe that

I also often relied on rote memorization.

Information transmitted in lectures stayed in

my brain until I had to draw upon it for an

exam. I once heard somebody describe the

lecture method as a process whereby the lec-

ture notes of the instructor get transferred to

the notebooks of the students without passing

through the brains of either (3). That is essen-

tially what is happening in classrooms around

the globe. 

Since this agonizing discovery, I have

begun to turn this traditional information-

transfer model of education upside down. The

responsibility for gathering information now

rests squarely on the shoulders of the students.

They must read material before coming to

class, so that class time can be devoted to dis-

cussions, peer interactions, and time to assim-

ilate and think (4). Instead of teaching by

telling, I am teaching by questioning. 

I now structure my time during class

around short, conceptual multiple-choice

questions. I alternate brief presentations with

these questions, shifting the focus between

instructor and students. The questions

address student difficulties in grasping a par-

ticular topic and promote thinking about

challenging concepts. After posing the ques-

tion, I give the students 1 to 2 minutes to

think, after which each must commit to an

individual answer. They do this by submit-

ting their answers using handheld devices

called “clickers” (see the figure). Because of

the popularity of these devices, questions

posed this way are now often referred to as

“clicker questions.” The devices transmit the

answers to my computer, which displays the

distribution of answers. If between 35% and

70% of the students answer the question cor-

rectly, I ask them to discuss their answers and

encourage them to find someone in the class

with a different answer. Together with teach-

ing assistants, I circulate among the students

to promote productive discussions and guide

their thinking. After several minutes of peer

discussion, I ask them to answer the same

question again. I then explain the correct

answer and, depending on the student

answers, may pose another related question

or move on to a different topic. This approach

has two benefits: It continuously actively

engages the minds of the students, and it pro-

vides frequent and continuous feedback (to

both the students and the instructor) about

the level of understanding of the subject

being discussed.

I often meet people who tell me they have

implemented this “clicker method” in their

classes, viewing my approach as simply a tech-

nological innovation. However, it is not the

technology but the pedagogy that matters (5).

Unfortunately, the majority of uses of technol-

ogy in education consist of nothing more than

a new implementation of old approaches, and

therefore technology is not the magic bullet it

is often presumed to be. Although clickers

offer convenience and (at least for now) an

amount of trendiness that appeals to students,

the method can be implemented with flash

cards, which are inexpensive and never prone

to technological glitches (6).

Data obtained in my class and in classes

of colleagues worldwide, in a wide range of

academic settings and a wide range of disci-

plines, show that learning gains nearly triple

with an approach that focuses on the student

and on interactive learning (7, 8). Students

are given the opportunity to resolve misun-

derstandings about concepts and work

together to learn new ideas and skills in a dis-

cipline. Most important, students not only

perform better on a variety of conceptual

assessments, but also improve their tradi-

tional problem-solving skills (9). Also, data

show that such interactive engagement helps

to reduce the gender gap that exists in intro-

ductory physics classrooms (10).

So, evidence is mounting that readjusting

the focus of education from information

transfer to helping students assimilate mate-

rial is paying off. My only regret is that I love

to lecture.
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F
orty years ago, as the first drug- and

insecticide-based global malaria eradi-

cation plan was being abandoned, the

concept was raised of using evolutionary

genetics to fight vector-borne diseases like

malaria, dengue, and river blindness (1). The

idea was to exploit selfish genetic elements,

entities that can spread through host popula-

tions by distorting normal Mendelian inheri-

tance, thereby enhancing their own transmis-

sion. Theoretically, such elements could be

used to drive antipathogen effector genes

through mosquito populations. On page 141 of

this issue, McMeniman et al. (2) report a major

step in a lateral development of this approach.

They have infected the mosquito species that

transmit dengue viruses to humans with an

inheritance-distorting bacterium that kills

mosquitoes likely to be infectious.  

Wolbachia are maternally inherited bacte-

ria found in a diverse range of arthropods.

Because only female hosts can keep a lineage

of Wolbachia alive, the bacteria have ac-

quired mechanisms to ensure the overrepre-

sentation of infected female offspring. One of

these strategies is called cytoplasmic incom-

patibility, in which uninfected females that

mate with Wolbachia-infected males fail to

produce offspring. This reproductive asym-

metry can allow the bacteria to spread

through a population even if they reduce host

fecundity (see the figure). Rapid invasion of

fruit fly (Drosophila) populations by Wolbachia

has been seen in real time in nature, raising

the prospect of using these bacteria to

spread disease-controlling genes through

mosquito populations.

Can the life-shortening effect of a bacterium on mosquitoes control the transmission of dengue?
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Yet in a cruel twist of fate, the mosquito

that transmits dengue (Aedes aegypti) and the

mosquito that transmits human malaria

(Anopheles spp.) are not naturally infected by

Wolbachia, even though many other mosqui-

toes are. But 3 years ago, microinjection of

Ae. aegypti embryos with Wolbachia that

were derived from Ae. albopictus was re-

ported (3). The resulting infections had strong

cytoplasmic incompatibility, highly efficient

maternal inheritance, and in the laboratory

increased from 20 to 100% of mosquitoes in

just eight generations. Since then, the ques-

tion has been how to translate this advance

into dengue control.

One way would be to genetically engineer

Wolbachia to carry a foreign gene (transgene)

whose product attacks the flavivirus that

causes dengue. A less intuitive alternative is to

either provide Wolbachia with a gene whose

product kills its host mosquito, or to find a

Wolbachia strain that kills its host naturally.

One strain, wMelPop, halves the life span of

its natural host, D. melanogaster. McMeniman

et al. now report the successful infection of

the mosquito Ae. aegypti with wMelPop, and

show that it also halves the life span of the

new host. There are no data yet showing that

wMelPop will spread in populations of Ae.

aegypti, but the very strong cytoplasmic

incompatibility is sufficient to prevent the loss

of wMelPop from laboratory populations,

despite its lethality. 

Can the life-shortening effect of Wolbachia

on mosquitoes achieve dengue control? Most

vector-borne pathogens require many days to

develop within the vector before becoming

infectious to humans. For the virus and pro-

tozoan parasites that cause dengue and

malaria, respectively, this extrinsic incuba-

tion period is about 2 weeks, although it is

very temperature sensitive and for dengue,

can be as short as 1 week (4). Because mos-

quitoes generally die quickly, the extrinsic

incubation period of many infectious agents

is longer than the average life span of the

mosquitoes that transmit them. This means

that only old mosquitoes are potentially dan-

gerous to humans.

By killing old mosquitoes, wMelPop could

thus impact on dengue transmission.  But

determining whether it can remove enough

infectious mosquitoes to be useful will be a

challenge. McMeniman et al. found that the

mean longevity of wMelPop-infected mosqui-

toes is at least 3 weeks. Mosquitoes acquiring

dengue from their first human meal would

therefore be infectious for about a week.

However, if wMelPop also halves life spans in

the field, where background mortality rates

are higher, substantial reductions in transmis-

sion could occur. For the right set of parame-

ters, dengue control is possible in theory (5). 

A critical factor is Wolbachia virulence.

All else being equal, the greater the impact on

mosquito life span, the greater the disease

control. But there are important downsides.

Excessively virulent bacteria strains will

spread very slowly, if at all; there are limits to

what even cytoplasmic incompatibility can

drive. Moreover, the reproductive advantage

of cytoplasmic incompatibility largely ac-

crues from Wolbachia-infected individuals

mating with each other (see the figure). To

ensure that such matings are sufficiently fre-

quent, control programs will need to initially

release large numbers of Wolbachia-infected,

mating-viable individuals. The required num-

bers increase markedly with virulence (5).

High virulence will also start its own evolu-

tionary games: selection for Wolbachia-

resistant mosquitoes and for more benign

Wolbachia. Moreover, Wolbachia virulence is

environmentally sensitive (6), as are pathogen

extrinsic incubation period (4) and other

determinants of disease transmission. Epi-

demiological models with explicit evolution

are needed to determine the virulence re-

quired to give maximal and evolutionarily sta-

ble disease control in diverse ecological

settings. Appropriate phenotypes could be

selected from what is available naturally, or

engineered by inserting appropriate virulence

transgenes into the Wolbachia genome. It

seems unlikely that one phenotype will fit all

circumstances. There may even be geographic

locations where no phenotype provides ade-

quate disease control. Evolutionary epidemio-

logical models would also help determine

whether life-shortening Wolbachia could con-

tribute to controlling other vector-borne dis-

eases, not least malaria.

Other strategies for targeting old, poten-

tially infectious adult mosquitoes are being

developed. These include engineering denso-

viruses (natural viruses of mosquitoes) (7)

and biopesticides that are based on ento-

mopathogenic fungi (8). Such biopesticides

effectively reduce malaria transmission in

the laboratory by killing older insects (9),

and theoretical models demonstrate good

malaria-control potential in endemic areas

(10, 11). But interventions aimed only at

older mosquitoes control disease transmis-

sion, not mosquito densities. This is in stark

contrast to chemical insecticides which, as

currently used, suppress mosquito densities

by killing individuals of any age. Large-

scale removal of mosquitoes is popular with

local people but opens up niches for new

vector strains or species and comes at the

very high price of massive selection for

insecticide resistance.

Would the release of life-shortening

Wolbachia select for dengue viruses that

develop more rapidly in Ae. aegypti? This

possibility is highly relevant for any inter-

ventions that alter mosquito age structure

(12). The high rates of mortality typical of

mosquitoes must already be imposing

intense natural selection for shorter extrinsic

incubation periods. The apparent lack of

response to this selection implies that pro-

longed development substantially enhances

pathogen fitness (13). Even if life-shortening

Wolbachia impose sufficiently strong selec-

tion to offset these fitness gains, the resulting

evolution of more rapidly developing dengue

viruses would presumably generate other-

wise less fit pathogens. The impact of such

evolution on public health will be important

to understand. It may be less problematic

than the evolution of insecticide resistance,

the main evolutionary consequence of last

century’s vector-control strategies.
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Ready for combat? A bacterial strain of Wolbachia

has been adapted to infect the mosquito vector that
transmits dengue virus to humans. The bacterial infec-
tions (red) are only transmitted through females to
offspring, and cut mosquito life span by up to 50%.
This may block disease transmission to humans.
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