
LONG DISTANCE TRANSPORT

Under pressure
The movement of water by osmosis causes pressure differences that

drive the transport of sugars over long distances in plants.

ULRICH Z HAMMES

P
lants use photosynthesis to make sugar

in their leaves and other green tissues.

They also move excess sugars from these

“source” tissues to other parts of the plant, such

as the seeds, fruits and roots. In addition to play-

ing crucial roles in the life of the plant, these

"sink" tissues are often the edible part of the

plant. Indeed, virtually every calorie we consume

has travelled from a source tissue to sink tissue

at least once, so the system used to transport

sugars in plants has a big influence on crop

yields.

The long distance transport of sugars occurs

in a tissue called phloem. In tall trees, source tis-

sues and sink tissues can be separated by more

than 100 meters: it would take over 300,000

years for sugars to diffuse over such a distance,

so there must be other mechanisms in place.

Now, in eLife, Michael Knoblauch of Washington

State University and colleagues tackle long

standing questions in the field of phloem trans-

port (Knoblauch et al., 2016).

In flowering plants, cells called sieve elements

form the tubes that transport sugars and other

molecules through the phloem. These cells

adopt a “zombie-like” state as they mature:

although they are living cells, they are only able

to carry out a limited number of processes com-

pared to other plant cells. The sieve elements

are separated by sieve plates, which contain

large pores that allow fluid to flow through the

phloem. Alongside the phloem, another type of

tissue called the xylem transports water and ions

away from the roots. Although the phloem and

xylem play different roles in the plant, they also

depend heavily on each other.

In 1930, the German botanist Ernst Münch

proposed that pressure differences between

the source and sink tissues are responsible for

transport through the phloem (Münch, 1927).

In the phloem of source tissues, sugars are

highly concentrated, so water is drawn into the

sieve tubes from the neighboring xylem. This

increases the hydrostatic pressure, which is

counteracted by the cell walls of sieve ele-

ments, leading to an increase in the turgor

pressure. In sink tissues, on the other hand,

sugars are consumed, which reduces their con-

centration in the phloem: this allows water to

flow back into the xylem and leads to a

decrease in the turgor pressure.

Münch proposed that the difference in turgor

pressure between the source and the sink is suf-

ficient to drive long-distance transport without

the need of additional energy. This so-called

“pressure flow hypothesis” is very intuitive and

has been taught at universities for decades

despite there being only limited experimental

evidence to support it. It is technically challeng-

ing to perform experiments on phloem because

the tissue is often deeply embedded in the plant

and it is difficult to isolate sieve tubes.

The Knoblauch lab has a long history of

developing techniques to measure the biophysi-

cal characteristics of flow through the phloem
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and xylem (Knoblauch and van Bel, 1998;

Mullendore et al., 2010; Froelich et al., 2011;

Jensen et al., 2012; Knoblauch et al., 2014).

Now, they have used these methods to calculate

the flow of fluid through the phloem of a type of

vine called Morning Glory (Ipomea nil), which

can grow up to 15 meters in length.

If the Münch hypothesis is right, there should

be differences in turgor pressure and phloem

conductivity (the ability of fluid to move through

the phloem) between tall and short plants. Kno-

blauch and colleagues – who are based at

Washington State University, Harvard University,

the Brookhaven National Laboratory and the

Technical University of Denmark – allowed indi-

vidual morning glory plants to grow to several

different lengths (Figure 1). The plants had their

lower leaves removed so that the only leaves

remaining were on the top four meters of each

plant. The experiments demonstrate that taller

plants have larger differences in turgor pressure

between source and sink compared to shorter

plants. Furthermore, phloem tubes have higher

conductivities in taller plants than in shorter

plants because the pores in their sieve plates

are larger.

This study provides a long-awaited experimen-

tal proof of Münch’s pressure flow hypothesis.

One of the most striking findings is the observa-

tion that, in contrast to a generally accepted the-

ory, the unloading of sugars from phloem in sink

tissues is very likely to involve additional inputs of

energy. This implies that transporter proteins that

unload nutrients from the phloem – like the

SWEET and UmamiT proteins – play much more

important roles than previously thought

(Chen et al., 2012; 2015; Muller et al., 2015).

Their biophysical properties need to be investi-

gated in much greater detail to understand their

role in phloem transport. Another question for

future research is how plants control the distribu-

tion of resources between tissues for storage or

growth. Last but not least, the precise molecular

mechanisms of phloem loading, particularly in

trees, are still a matter of debate that needs to be

investigated.
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Figure 1. Turgor pressure drives long-distance

transport through the phloem. Sugars produced in

plant leaves (outlined in dark green) are transported to

the roots (blue) or other “sink tissues” around the plant

(not shown). Knoblauch et al. grew morning glory

plants to different heights and removed the lower

leaves so that the only leaves remaining were on the

top four meters of each plant. All of the plants have

similarly low turgor pressures in the root phloem. Plants

with a short distance between the leaves and the roots

(black text; distance (l) is given in meters) maintain

relatively low turgor pressures (red text; pressure (p) is

given in megapascals) in the phloem within the leaves.

Taller plants maintain higher turgor pressures in their

leaf phloem. The ability of fluid to flow through the

phloem (conductivity) is also higher in the taller plants

(not shown). Illustration adapted from Knoblauch et al.

(2016).

Hammes. eLife 2016;5:e18435. DOI: 10.7554/eLife.18435 2 of 3

Insight Long distance transport Under pressure

http://orcid.org/0000-0002-3663-4908
http://dx.doi.org/10.1126/science.1213351
http://dx.doi.org/10.1105/tpc.114.134585
http://dx.doi.org/10.1105/tpc.114.134585
http://dx.doi.org/10.7554/eLife.18435


pressure flow: Sieve-Element-Occlusion-Related
agglomerations do not affect translocation. Plant Cell
23:4428–4445. doi: 10.1105/tpc.111.093179
Jensen KH, Mullendore DL, Holbrook NM, Bohr T,
Knoblauch M, Bruus H. 2012. Modeling the
hydrodynamics of phloem sieve plates. Frontiers in
Plant Science 3:151. doi: 10.3389/fpls.2012.00151
Knoblauch M, van Bel AJE. 1998. Sieve tubes in
action. Plant Cell 10:35–50. doi: 10.1105/tpc.10.1.35
Knoblauch J, Mullendore DL, Jensen KH, Knoblauch
M. 2014. Pico gauges for minimally invasive
intracellular hydrostatic pressure measurements.
Plant Physiology 166:1271–1279. doi: 10.1104/pp.114.
245746
Knoblauch M, Knoblauch J, Mullendore DL, Savage
JA, Babst BA, Beecher SD, Dodgen AC, Jensen KH,

Holbrook NM. 2016. Testing the Münch hypothesis of
long distance phloem transport in plants. eLife 5:
e15341. doi: 10.7554/eLife.15341
Mullendore DL, Windt CW, Van As H, Knoblauch M.
2010. Sieve tube geometry in relation to phloem flow.
Plant Cell 22:579–593. doi: 10.1105/tpc.109.070094
Müller B, Fastner A, Karmann J, Mansch V, Hoffmann
T, Schwab W, Suter-Grotemeyer M, Rentsch D,
Truernit E, Ladwig F, Bleckmann A, Dresselhaus T,
Hammes UZ. 2015. Amino acid export in developing
Arabidopsis seeds depends on UmamiT facilitators.
Current Biology 25:3126–3131. doi: 10.1016/j.cub.
2015.10.038
Münch E. 1927. Versuche über den Saftkreislauf.
Berichte der Deutschen Botanischen Gesellschaft 45:
340–356. doi: 10.1111/j.1438-8677.1927.tb01184.x

Hammes. eLife 2016;5:e18435. DOI: 10.7554/eLife.18435 3 of 3

Insight Long distance transport Under pressure

http://dx.doi.org/10.1105/tpc.111.093179
http://dx.doi.org/10.3389/fpls.2012.00151
http://dx.doi.org/10.1105/tpc.10.1.35
http://dx.doi.org/10.1104/pp.114.245746
http://dx.doi.org/10.1104/pp.114.245746
http://dx.doi.org/10.7554/eLife.15341
http://dx.doi.org/10.1105/tpc.109.070094
http://dx.doi.org/10.1016/j.cub.2015.10.038
http://dx.doi.org/10.1016/j.cub.2015.10.038
http://dx.doi.org/10.1111/j.1438-8677.1927.tb01184.x
http://dx.doi.org/10.7554/eLife.18435

