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ances in your kitchen with those from a 
neighbor ’s kitchen.

Horizontal gene transfer is not uncom-
mon in parasitic plants like Lophophytum, 
which form vascular connections with 
their hosts, making it easy for them to pil-
fer water and nutrients. But this open flow 
from host to parasite also opens the door 
for the movement of DNA and even entire 
mitochondria. For instance, researchers 
recently showed that the holoparasitic 
plant Sapria himalayana acquired many 
nuclear and mitochondrial genes from its 
host Tetrastigma, a genus in the grape 
family. In Sapria, the foreign gene copies 
exist alongside native versions, whereas in 
Lophophytum, most of the native homo-
logues of the horizontally acquired genes 
have been lost completely. 

In addition to being a sponge for for-
eign DNA, the Lophophytum mitochon-
drial genome has an unusual architecture 
in that it is fragmented into 54 circu-
lar chromosomes ranging in size from 
about 7,000 to 58,000 base pairs , which 
is in stark contrast to the simpler archi-
tecture of most animal mitochondrial 
DNA. What’s more, only 29 of Lophophy-
tum’s mitochondrial chromosomes contain 
intact, known genes, raising the question: 
what are the functions, if any, of the other 
25 chromosomes? Sanchez-Puerta and her 
coauthors hypothesized that these gene-
less fragments of DNA might play a regu-
latory role, or might just be empty baggage.  

Finally, a small fraction (0.6 per-
cent) of the Lophophytum mitochon-
drial genome is made up of chloroplast-
derived DNA. But, again, these chloroplast 
sequences appear to have been acquired 
from the host rather  than from the Lopho-
phytum chloroplast. In fact, not a single 
native chloroplast gene was found in the 
more than 6.5 billion base pairs of Lopho-
phytum sequencing data, which was 
derived from total cellular DNA, suggest-
ing that this parasite might have lost its 
own chloroplast genome outright. The 
complete forfeiting of plastid DNA is an 
extremely rare event, but it is believed to 
have occurred in the holoparasitic plant 
Rafflesia lagascae—which bears so-called 
“corpse flowers,” so named for their fly-

attracting putridity—as well as in the non-
photosynthetic green alga Polytomella. 

The past year has been a fruitful one 
for research on parasitic plants. In Octo-
ber, Claude dePamphilis’s lab at Penn 
State University uncovered numerous 
horizontally acquired genes in the nuclear 
genomes of parasitic members of the Oro-
banchaceae (broomrapes), once again 
illustrating a facility for gene transfer in 
parasitic plants. DePamphilis and his team 
have provided strong evidence that hori-
zontal gene transfer plays a crucial role in 
the adaptation of parasitic plants, possibly 
helping them to feed on the juicy sugars of 
their hosts. Sanchez-Puerta and colleagues 
were open to the idea that the pilfered 
genes in Lophophytum might be benefit-
ing the host-parasite relationship, but they 
also stressed that, rather than arising via 
natural selection, the foreign genes could 
have been acquired and fixed through 
random, nonadaptive processes and may 
not necessarily be providing any benefits. 
More genomic research on parasitic plants 
is sure to follow. Whatever future studies 
reveal, these nonphotosynthetic flowers 
certainly deserve their day in the sun. 

—David Smith is an assistant profes-
sor of biology at the University of Western 
Ontario.

Pavlovian 
Plants
In 2007, plant biologists passionately 
argued the meaning of the word “neuro-
biology.” The year before, an article pub-
lished in Trends in Plant Science had 
announced the debut of a new scientific 
field: plant neurobiology. The authors sug-
gested that electrical potentials and hor-
mone transport in plants bore similari-
ties to animal neuronal signaling, an idea 
that raised the hackles of many a botanist. 
Thirty-six plant scientists signed a letter 
briskly dismissing the new field, calling 
the comparison between plant signaling—
intricate though it is—and animal signal-
ing intellectually reckless. “Plant neuro-
biology,” they wrote, was no more than a 
“catch-phrase.”

Upon close examination, the “neu-
robiology” debate did not center on very 
much scientific disagreement. Research-
ers in both camps agreed on the general 
facts: plants did not have neurons, nor 

CORPSE FLOWER: Another parasitic plant, 
Rafflesia arnoldii, belongs to a genus that has 
been caught stealing genetic material from 
host plants.
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did they have brains, but they did possess 
complicated, poorly understood means 
of responding to the environment that 
deserved rigorous study. The commu-
nity was conflicted over how to talk about 
these abilities and whether the semantic 
umbrella of words such as “feel,” “choose,” 
and “intelligence” should extend to plants.

The rhetoric surrounding the argu-
ment has since cooled, but the debate 
was never entirely resolved. And in 2016, 
Monica Gagliano of the University of 
Western Australia and colleagues pro-
vided fresh fuel for the conceptual fire. 
The researchers conducted an experi-
ment that they say shows plants per-
forming associative learning (Sci Rep, 
6:38427). This type of learning is the 
same process by which a dog can learn to 
associate the sound of a bell, as in Pavlov’s 
famous study, with a treat, and then sali-
vate with anticipation every time a bell 

rings. The group’s experiment, modeled 
on Pavlov’s, was designed to subject pea 
seedlings to analogous stimuli and find 
out what the plants could learn. 

The seedlings were grown in Y-shape 
tubes for about a week, receiving eight 
hours of light a day. Then, they were 
enrolled in a three-day training course. 

The grow lights were turned off, and 
three times each day, a small fan blew a 
light breeze down one arm of the Y-tube 

for an hour and a half. Beginning after 
the first hour of that period, the plants 
were given a one-hour dose of blue light 
(overlapping for one-half hour with the 
fan), their only sustenance during other-
wise lightless days. For some, the breeze 
and the light came down the same arm 
of the Y. For others, the two stimuli came 
from opposite directions. In both groups, 
the stimuli were switched randomly from 
left to right between sessions, and a pilot 
experiment showed that the breeze had 
no influence over growth on its own. For 
all intents and purposes, the breeze was 
only meaningful to the plants insofar as it 
predicted where light would soon appear, 
the authors reasoned. 

On the fourth day, seedlings had 
approached to within a centimeter or 
so of the bifurcation in the Y, and they 
were kept in the dark that day. A con-
trol group was left undisturbed, while a 

Unless we really explore the 
field experimentally, then we 
are just plant philosophers—
and there are already plenty 
of good philosophers around.

—Monica Gagliano,  
University of Western Australia
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test group got the usual three courses of 
gentle breeze, but this time without the 
accompanying light. The fan breeze was 
applied in a direction that “predicted” 
light to appear opposite the side where it 
had last appeared.

The seedlings continued to grow, 
never bumping against the fork of the 
Y-tube but bending left or right. In doing 
so they made a choice, so to speak, to grow 
in the direction of their own survival. Of 
the 19 plants in the control group, 100 
percent extended in whichever direction 
the light had last come from, exhibiting 
the well-known affinity of young plants 
for blue light. The 26 plants in the test 
group, however, had a decision to make. 
They could persist in the most recent 
direction of the blue light like the con-
trol group, or grow in the opposite direc-
tion, where the fan predicted light should 
appear—that is, show that they had 

“learned” something about the meaning 
of the breeze. Around 65 percent chose 
this latter option. 

“This is exactly what Pavlov did,” 
Gagliano says. “If this were an animal of 
any kind,” rather than a pea plant, “this 
would be considered learning.” How-
ever, the experiment is notably limited 
in scope. A crucial feature of learning in 
animals is the flexibility to key in on vir-
tually any stimulus. Rats, for example, 
can just as easily be trained to respond 
to a light breeze as to the sound of a bell 
or to vibrations in the ground, because 
the underlying neural mechanism is not 
stimulus-specific but all-purpose. Plants 
are known to respond to many aspects 
of their environment, from air temper-
ature to soil moisture, but the extent 
to which a plant can build associations 
between stimuli other than blue light 
and a breeze remains to be seen. 

The study by Gagliano and her col-
leagues was also short on controls, says 
Lincoln Taiz, professor emeritus at the 
University of California, Santa Cruz, who 
signed the 2007 letter criticizing the con-
cept of plant neurobiology. Gagliano and 
her colleagues showed that the fan’s light 
breeze neither attracted nor repelled 
plants, but did not test whether the breeze 
interfered with the innate attraction 
toward light. Taiz points out that the slight 
rotating motion of a growing shoot’s tip, 
called circumnutation, influences growth 
patterns such as phototropism and could 
have been disrupted during the test. 

Gagliano acknowledges the need 
for further work to explore how broadly 
the associative process can be general-
ized and to search for a mechanism that 
might account for it. “This is the begin-
ning,” she says. “We needed to first show 
that learning by association was even pos-
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sible.” Gagliano is no stranger to contro-
versy, having weathered heavy criticism 
for her previously published evidence for 
habituation—a different type of learning—
in plants, along with other findings. 

As with earlier papers that sought to 
attribute animal-like behavior to plants, 
critics are likely to take issue with the 
authors’ use of words typically reserved for 
animals, including “learning” and “mem-
ory,” in much the same way researchers 
debated the moniker “plant neurobiol-
ogy.” Those discussions are valuable and 
illuminating, says Gagliano, but should 
not obscure the underlying scientific 
exchange. “Unless we really explore [the 
field] experimentally, then we are just 
plant philosophers—and there are already 
plenty of good philosophers around.” 

 —Ben Andrew Henry 

Pouring a 
Pitcher of 
Celiac Relief
The pitcher plant Nepenthes x ventrata is 
gorgeous and popular with horticultur-
ists, but it’s deadly for the insects that fall 
into the trap for which it is named. Yet the 
enzymes in the digestive fluid that fills the 
carnivorous plants’ vase-shape modified 
leaves might one day provide a service to 
the animal kingdom, by enabling human 
celiac disease patients to properly digest 
the grain protein gluten.

University of Calgary protein chemist 
David Schriemer didn’t set out to identify 
a celiac disease treatment, even though 
his 15-year-old niece suffers from the dis-
order. Instead, he was searching for an 
alternative to the stomach enzyme pep-
sin that would be more effective in the 
low-pH cleavage steps of his proteomics 
experiments. He turned to plants, look-
ing for enzymes far away on the phyloge-
netic tree from pepsin. When he tested 
pitcher plant secretions—which are very 
effective at digestion and approximately 
as acidic as human gastric juices—he 
found that they did something that pep-

sin could not: snip bonds linking the 
amino acid proline to other amino acids. 
(Proline has a ring-shape structure that 
introduces tight curves into peptide 
chains.) Such enzymatic activity is rela-
tively rare, Schriemer says. He also real-
ized there might be another application 
for such an enzyme: prolines make up 15 
percent of gluten. 

First, Schriemer had to isolate the 
pitcher plant enzyme responsible for 
the unique chemical activity, a feat that 
required more plants than he had in the 
lab. So in late 2013, he turned to the 
now-defunct Urban Bog, a carnivorous 
plant company just southeast of Vancou-
ver, British Columbia. Urban Bog’s own-
ers set up a greenhouse filled with 100 N. 
ventrata, each bearing 10 to 20 pitchers, 
and a Drosophila researcher colleague of 
Schriemer’s provided leftover flies for the 
pitchers’ weekly feedings. Over the span of 
six months, the plants yielded six liters of 
secretions—enough for Schriemer’s group 
to characterize the transcriptome and pro-
teome of the digestive fluid (J Proteome 
Res, 15:3108-17, 2016). 

Next, they reverse-engineered the 
proline cleaving activity, beginning with 
recombinant versions of two enzymes 
they knew were in the mix—the aspartic 
proteases nepenthesin I and II. Together, 

these enzymes chopped up proteins effec-
tively, but didn’t touch the bonds after pro-
lines in the sequence of amino acids. By 
comparing their transcriptomic and pro-
teomic data, however, the team discovered 
a new enzyme that did: neprosin, a prolyl 
endoprotease. Further tests revealed that 
a mixture of the nepenthesins and nepro-
sin effectively digested a protein slurry 
containing gluten in both a test tube and 
a mouse model of celiac disease (Sci Rep, 
6:30980, 2016). 

Schriemer isn’t the first to consider a 
prolyl endoprotease as a potential ther-
apy for gluten intolerance. The idea dates 
to 2002, when scientists at Stanford Uni-
versity identified a proline-rich peptide 
resulting from gluten breakdown that 
triggered the inflammation characteris-
tic of the celiac immune response (Sci-
ence, 297:2275-79). Although their ven-
ture to commercialize bacterial enzymes 
that break down the peptide has proved 
unsuccessful, another prolyl endoprote-
ase, from the fungus Aspergillus niger, a 
black mold that grows on fruit, is currently 
available in the United States as the sup-
plement Tolerase G (or GlutNGo). 

GRACEFUL DEATH TRAP: Pitcher plants may 
yield enzymes that can help people with celiac 
disease digest gluten.
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