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5 Year Review of the PRL Director

• Overview of PRL History and Structure

• PRL Faculty Transitions 

• The DOE-PRL Project

• PRL Branding and Communication 

• Strengthening the PRL/MSU Community 

• Research in the Benning Lab



MSU-DOE Plant Research Laboratory (PRL) Overview
History and Structure



About

• Over 55 years of collaboration 
between PRL and DOE

• Top notch fundamental research

• Educating future scientists to face 
21st century global challenges

• Cutting edge technologies for long-
term ‘green’ solutions (food, energy)
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PRL // 55 Year History

• Contract between AEC and MSU on March 6, 1964:
“…to conduct a comprehensive, interdisciplinary research and 
related education and training program in plant sciences with the 
principal emphasis being the development of an understanding of how 
higher plants function as whole organisms, both as individuals 
and as populations in an environment...”
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PRL // 55 Year History

Anton Lang, then Professor of 
Biology at Caltech, assumed duties 
as first director on May 1, 1965. 

Founding PRL faculty (from left): Phil 
Filner, Peter Wolk, Joe Varner, Jan Zeevaart, 
John Scandalios, Hans Kende, Anton Lang, 
Lloyd Wilson 
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PRL // 55 Year Track Record

• Answered fundamental questions regarding the basic biology of higher 
plants and photosynthetic microorganisms

• Over 350 graduate students and 500 postdocs trained by ~30 faculty
• 13 former and 2 current faculty elected to the National Academy of Sciences
• 21 AAAS Fellows (past and current)
• 23 ASPB Fellows (past and current)
• Four current MSU University Distinguished Professors and two current

Emeritus University Distinguished Professors
• Two current Hannah Chair Distinguished Professors 
• One HHMI Investigator
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PRL // Structure

Faculty
• Annual appointments
• 12 tenure track positions 
• Appointments in tenure granting academic departments
• 12-month salaries covered by MSU (exception, director)
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PRL // Structure

Postdoctoral Research Associates
• Appointed to PRL with MSU privileges

Graduate Students
• Appointed to PRL and academic department/program
• Granted Ph.D. degree by academic department/program
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• 12 tenure track faculty

• 7 research assistant professors

• 3 emeritus faculty

• 39 postdoctoral research associates 

• 13 graduate students
• Appointed to PRL and academic degree-granting department/program
• New dual major Molecular Plant Sciences Program (https://mps.natsci.msu.edu/): 6 

out of 28 students from PRL

• 20 research staff 

• 5 office staff (including Communication Manager and IT specialist)

PRL // Structure, Personnel Breakdown (99 Total)

https://mps.natsci.msu.edu/
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PRL // Faculty Transitions 

Tom Sharkey Joined the PRL in 2016 to replace Mike Thomashow.

Mike remains affiliated with the PRL until his retirement in 2021.
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PRL // Faculty Transitions 

Peter Wolk retired in 2016;  Berkley Walker joined the PRL in 2018
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PRL // Faculty Transitions 

Jonathan Walton passed away in 2018; Josh Vermaas will Join the PRL in 2021
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PRL // Faculty Transitions 

Danny Ducat was promoted to Associate Professor with tenure in 2019
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PRL // Faculty Transitions 

In 2020 , Beronda Montgomery was 
named MSU Office of Research & 
Innovation Interim Assistant Vice 
president after serving as Assistant 
Provost for Faculty Development. 
She remains a PRL faculty member. 
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PRL // Faculty Transitions 

Sheng-Yang He retired from MSU/PRL in 2020. 
The PRL will conduct a faculty search in 2021. 



2017-2019 DOE Grant Period
DOE-BES Priorities, Publications, and Discoveries
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PRL // Alignment with DOE-BES Priorities

•Photosynthetic Energy Capture, Conversion and Storage: 
From Fundamental Mechanisms to Modular Engineering

• Subproject A: Robust Photosynthesis in Dynamic Environments
• Subproject B: Construction and Operation of the Biological Solar 

Panel
• Subproject C: Characterizing and Engineering Subcellular and 

Cellular Modules for Photosynthetic Productivity
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PRL // Papers Published (2017-2019)

•188 publications by PRL labs
•77 cite direct DOE-BES grant support
•40 cite indirect DOE-BES grant support

These Numbers reflect the fact that approximately 60% of research 
conducted at the PRL is funded by other grants to PRL faculty, 
expanding the scope of PRL research to areas beyond the DOE-BES 
mission.
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How to Make a Protein-Based Nanocontainer

Scientific Achievement

The crystal structure of an intact 40 nm diameter bacterial microcompartment shell 
was solved, revealing the self-assembling principles of the proteins forming the 
membrane of these primitive organelles.

Significance and Impact

Bacterial microcompartments are widespread subcellular nanoreactors involved in 
diverse processes such as CO2 fixation and giving pathogens a metabolic 
advantage. Due to high structural conservation, the discovered assembly principles 
can be applied to all bacterial microcompartments and serves as a prototype 
blueprint for the rational design of tailor-made nanofactories and the development of 
therapeutics to disrupt the shells of pathogens.

Research Details
• The structure of a complete 6.5 MDa bacterial microcompartment shell was solved 

at atomic-resolution, showing at the molecular level how five different building 
blocks interlock with each other to form the closed 420 Å diameter shell.

• Important details like the relative position, interactions and sidedness of the 
individual shell proteins are revealed.

Hundreds of proteins self-assemble to 
form the shell of a bacterial 
microcompartment.

Sutter M, Greber B, Aussignargues C, Kerfeld CA. 2017. Science 23 Jun 2017, Vol. 356, Issue 6344,1293-
1297.DOI:10.1126/science.aan3289 Link

http://science.sciencemag.org/content/356/6344/1293.full
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi34_2jqtTUAhVF7oMKHQMMD6AQjRwIBw&url=http://newscenter.lbl.gov/&psig=AFQjCNGljwcjWE_NZz1_nR6UQkgNHPJvXQ&ust=1498319777346510
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The ATP Synthase as the Safety Brake of Photosynthesis

Scientific Achievement

We show that a key chloroplast enzyme often limits the rate of photosynthesis, that this 
limitation is critical for preventing photodamage. 

Significance and Impact

Photosynthesis must be regulated to balance the need for efficient harvesting of energy 
with the avoidance of photodamage. Our work shows that the ATP synthase plays a 
central role in this balancing, by restricting the efflux of protons from the thylakoid lumen, 
increasing lumen acidity and activating photoprotective mechanisms, but at the cost of 
lower rates of electron flow. We found that disabling this regulation can increase 
efficiency under mild conditions, but results in severe damage to both photosystems I and 
II under production-like conditions. 

Research Details

The mutant cfq has a point mutation in γ-subunit of chloroplast ATP synthase that 
prevents the normal down-regulation of the enzyme, leading to increased fluxes of 
protons out of the lumen, decreasing the thylakoid proton motive force (pmf) and 
lumen acidification, preventing full activation of the photoprotective qE response 
and the accumulation of electrons on the acceptor side of PSI, resulting severe loss 
of PSI activity, causing photodamage. Consequently, plants with constitutively 
highly active ATP synthase are sensitive to light, particularly under low CO2 and 
fluctuating light. 

Atsuko Kanazawa, David M. Kramer et al.; 
Frontiers in Plant Science; 
https://doi.org/10.3389/fpls.2017.00719

Comparison of fluorescence imaging showing  
the photosynthetic efficiency (ΦII) in false color 
under different light regime (steady light, 
sinusoidal and fluctuating. The mutant cfq
suffered under changing light intensities 
simulating a field conditions.



www.prl.msu.edu | 22

Qiang Guo, Yuki Yoshida, Ian T. Major, Kun Wang, 
Koichi Sugimoto, George Kapali, Nathan E. Havko, 
Christoph Benning, Gregg A. Howe. PNAS; October 22, 
2018, https://doi.org/10.1073/pnas.1811828115 

“Tuning” of photoassimilate partitioning to growth and 
defense processes in wild-type (WT) and genetic variants 
(jazQ and jazD) of the model plant Arabidopsis thaliana. 

Carbon to defense
Carbon to growth

WT jazQ jazD

Plants Can Defend or Grow, but Not Both

Scientific Achievement

Scientists have used genetic approaches to “tune” photoassimilate
partitioning to metabolic defense pathways, at the expense of growth and 
reproductive capabilities.

Research Details
• Genetic tools were used to progressively deplete JAZ regulatory proteins in  

Arabidopsis thaliana, generating a graded series of jaz genetic variants. 
• Increasing JAZ depletion resulted in increased partitioning of assimilated 

carbon, nitrogen, and sulfur to metabolic pathways that mediate resistance to 
biotic stress. 

• Increased allocation of primary metabolic resources to defense was associated 
with increased rates of cellular respiration, carbon starvation and energy deficit. 

• The deleterious effects of extreme JAZ depletion provides an explanation for 
multiple mechanisms that limit carbon partitioning to defense pathways. 

Significance and Impact 

The study is the first of its kind to demonstrate metabolic tradeoffs resulting 
from systematic adjustment of growth-defense balance. Implications: 
maximizing photosynthetic productivity for increased crop yields
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Significance and Impact
Carboxysomes fix carbon during photosynthesis. Little is known about how the 
cyanobacteria’s surroundings affect carboxysome structure and function. By linking 
external light cues to carboxysome number and size, we have a potential control 
mechanism to tune productivity levels in future biotech applications.

Research Details
• Carboxysomes are proteinaceous microcompartments where CO2 is concentrated around the 

enzyme Rubisco for efficient carbon fixation during photosynthesis.
• RcaE detects the ratio of red:green light, as well as light intensity, and controls a signaling 

pathway that optimizes cell pigmentation, photosynthetic efficiency, and cell shape for red or 
green light dominated environments.

• In a mutant strain of F. diplosiphon (ΔrcaE), carboxysome size, cellular position, and number 
were significantly altered. This effect did not result from other features of ΔrcaE, such as 
elevated reactive oxygen species, cell shape, or RcaE’s normal signaling pathway.

• Protein quantification highlighted that RcaE regulates the shell:core protein ratio , which is a 
likely mechanism driving the changes to carboxysome structure.

Scientific Achievement
The study shows how a light-detection protein uses external light cues to control the 
number and size of photosynthetic nanofactories, called carboxysomes, in the 
cyanobacteria Fremyella diplosiphon.

Rohnke BA, Singh SP, Pattanaik B, Montgomery 
BL. 2018. mSphere 3:e00617-17 (Read here)

Cross-sections of F. diplosiphon cells imaged using 
transmission electron microscopy to highlight size, position, 
and number of carboxysomes. C, carboxysomes (indicated 
by white arrows); PL, photosynthetic lamellae indicated by 
gray arrowheads, under red (RL) and green (GL) light 
conditions. Bars, 1 µm.

Detecting Light Regulates the Number and Size of Carbon-
Fixation Structures in F. diplosiphon

https://doi.org/10.1128/mSphere.00617-17
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Jiying Li, Stefanie Tietz, Jeffrey A. Cruz, Deserah D. Strand, Ye Xu, Jin Chen, David M Kramer, Jianping Hu. 
The Plant Journal, October 2018, https://doi.org/10.1111/tpj.14134

A. Scheme of the 5-day dynamic light screen. B. Heat 
maps of photosynthetic parameters (ΦII , NPQ, qE
and qI) generated based on changes in the mutants 
relative to Col-0. C. Mutants with statistically 
significant lower photosystem II efficiency.

Newly Identified Links Between Peroxisome Metabolism and 
Photosynthesis Under Dynamic Light Conditions

Scientific Achievement

Screened 154 Arabidopsis peroxisome mutants; found impaired photorespiration modified 
photosynthetic energy production dynamics under high and dynamic light conditions. 

Significance and Impact 

First large-scale study to provide insight into interorganellar interactions between chloroplasts and 
peroxisomes; show additional regulatory links between photosynthesis and photorespiration.

Research Details
• Systematic screen of over 150 Arabidopsis peroxisome mutants was conducted using the 

automated Dynamic Environment Phenotype Imager (DEPI)
• Dynamic and high light triggered significant photosynthetic defects in a subset of the mutants
• Further analysis of photorespiration (PR) mutants revealed higher accumulation of hydrogen 

peroxide (H2O2) and a subsequent activation of cyclic electron flow (CEF) around photosystem 
I under high light conditions 

• We hypothesize that Impaired PR disturbs the balance of ATP and NADPH, activating CEF to 
produce ATP to compensate for the imbalance of reducing equivalents



www.prl.msu.edu | 25

How Cyanobacteria Line Up Their Factories, and What It Means 
for a Green Economy

Scientific Achievement

MSU scientists report how cyanobacteria, tiny photosynthetic organisms, place their 
CO2-fixing factories within them. 

Significance and Impact 

The research is part of an effort to control and repurpose these factories to make 
products for human consumption.

Research Details
• Each cyanobacterium has 4 to 8 carboxysomes
• The carboxysomes are aligned through a mechanism that separates them from 

one another and spaces them evenly apart
• The McdB protein coats the outside of carboxysomes. The McdA protein binds to 

DNA. Internations between the two proteins allow carboxysomes to ‘skate’ across 
the cyanobacterial DNA

• This alignment system might support cell division mechanisms and resource 
usage

Joshua S MacCready, Pusparanee Hakim, Eric J Young, Longhua Hu, Jian Liu, Katherine W Osteryoung, Anthony G Vecchiarelli, Daniel C Ducat. eLife, 
December 2018, https://doi.org/10.7554/eLife.39723, Link to video: https://youtu.be/X8c1rv0ykYI

https://doi.org/10.7554/eLife.39723
https://youtu.be/X8c1rv0ykYI
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Scientific Achievement
Discovered the function of an algal protein in managing the size of thylakoids, the 
photosynthetic solar panels that capture sunlight, to adjust to stressful conditions, like 
limited food, high light, or extreme temperatures.

Significance and Impact 
Size adjustments help algae control photosynthesis rates, which is crucial for their health. 
The ultimate aim is to genetically develop algae with higher resistance to environmental 
stresses, which will improve photosynthesis yields for biofuels and aquaculture.

Research Details
• Photosynthetic organisms like algae and plants need to dial down photosynthesis under 

environmental stresses. This ability to adjust photosynthesis is a matter of life and death. 
Without it, organisms produce bad toxins that inflict potentially fatal self-harm. 

• This study shows that an algal lipid lipase, called PGD1, hydrolyzes the predominant lipid 
MGDG (monogalactosyldiacylglycerol) of chloroplast membranes to downsize the solar panels 
in response to various stresses such as nutrient starvation and cold temperature, which 
prevents the generation of toxins such as H2O2 and protects the cells against photo-oxidative 
damage. The free fatty acid from MGDG hydrolysis by PGD1 is used for the biosynthesis of 
triacylglycerol (TAG), a major feedstock for biodiesel. 

• Two important ways are investigated here how cells can save themselves against photo-
oxidative damage: 1) PGD1-mediated membrane regulation; and 2) sufficient supplement of 
substrate for photosynthesis, CO2.

How Algae’s Photosynthetic Solar Panels Change Size in 
Response to Environmental Changes

Zhi-Yan Du, Ben F. Lucker, Krzysztof Zienkiewicz, Tarryn E. Miller, Agnieszka Zienkiewicz, Barbara B. Sears, 
David M. Kramer, and Christoph Benning . The Plant Cell; Feb, 2018 (Read here)

A, ROS (e.g., H2O2) accumulation in pgd1 mutant. Green, ROS; 
Red, chloroplast. B, Function of PGD1 under environmental stress.

A wild type, N48                 pgd1, N48                wild type, N96                 pgd1, N96

B

http://www.plantcell.org/content/early/2018/02/05/tpc.17.00446
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Scientific Achievement

Scientists have engineered a new protein, based on  a naturally occurring 
bacterial microcompartment shell protein, with termini that face the inside of 
synthetic shells. Molecular cargo fused to these termini are targeted to the 
inside of microcompartments built with the new protein.

Significance and Impact 

The new protein is a building block to construct biological nanofactories that 
can incorporate enzymes and cargo of choice. This design could someday 
enhance the production of industrial materials, biofuels, and other 
commodities. 

Research Details
• The gene coding for a naturally occurring bacterial microcompartment shell 

protein was rearranged to generate new N- and C- termini without changing the 
overall fold of the protein. This circularly permuted shell protein, CPH,  can 
assemble into shells and its termini are located on the inside of the shell. 

• Protein cargo can be encapsulated within the new shells by fusing cargo to the 
C-termini of this new building block. The amount of cargo can be controlled by 
varying its induction level relative to the other shell proteins.

Bryan Ferlez, Markus Sutter, Cheryl A. Kerfeld. 
Metabolic engineering, 2019
https://doi.org/10.1016/j.ymben.2019.04.011

The engineered shell protein, CPH, has N- and C- termini 
that face the inside of the shell and can be used for 
encapsulating protein cargo such as GFP (artificially 
colored green in the micrograph above) by genetic fusion.

Synthetic Bacterial Shell Allows Control over the Location and 
Amount of Encapsulated Cargo
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How the Calvin-Benson Cycle Remains Active to Feed Plants and 
the Food Chain Above Them

Scientific Achievement

Shows how the shunt, side reactions that keep a low flow of carbon in Calvin-
Benson cycle of photosynthesis, helps quickly restart the cycle in fluctuating light.

Significance and Impact 

Helps explain how the Calvin-Benson cycle – which produces sugars/starches to 
nourish plants and the food chain above them – stays active in the face of natural 
challenges (ex: fluctuating light); opens the door to replacing the shunt with a 
better system that increases plant yield. Note: this research was possible due to 
unique PRL personnel make-up.

Research Details
• Mutations in photorespiratory genes (carbon metabolism of photosynthesis) were shown to 

induce changes in photosynthetic electron transport (cyclic electron flow).
• When these genes are mutated, 2-phosphoglycolate (2PG) builds up. 
• The 2-PG was shown to inhibit triose phosphate isomerase, an enzyme critical to 

photosynthesis.
• This block was overcome by exporting triose phosphates to the cytosol, which is free of 

2PG.
• This bypass allowed the plants to live but stimulated a glucose-6-phosphate (G6P) shunt.
• The G6P shunt uses energy (ATP) that is replaced by cyclic electron flow.
• The plants allowed insights into regulation of photosynthesis, especially the cooperation 

between photosynthetic carbon metabolism and electron flow.

Jiying Li, Sarathi M. Weraduwage, Alyssa 
L. Preiser, Stefanie Tietz, Sean E. Weise, Deserah
D. Strand, John E. Froehlich, David M. 
Kramer, Jianping Hu, Thomas D. Sharkey. Plant 
Physiology; March, 2019 (Read here)

A cytosolic bypass (red) became apparent  in 
photorespiratory mutant plants in which critical steps 
in photosynthesis were reduced (gray) and this 
stimulated the G6P shunt (orange).

The Calvin-Benson cycle with the bypass and shunt

http://www.plantphysiol.org/content/early/2019/03/18/pp.19.00256.long
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A newly identified protein that helps plant cells control TGN biogenesis 
and vesicular trafficking

Scientific Achievement

The novel protein TGNap1 supports the Trans-Golgi Network (TGN) in structure and 
function and helps control TGN movement through an interaction with microtubules. 

Significance and Impact 
The TGN is at the intersection of the biosynthetic traffic and endocytosis and maintains 
vital processes, including ion homeostasis for plastids. How this is achieved is 
unknown, but it is essential for building plant biomass found in fuels, food, and animal 
feed.

Research Details

• We conducted a confocal microscopy-based forward genetic screen on EMS mutagenized 
Arabidopsis thaliana to identify mutants with partial retention of the inert bulk-flow reporter and 
apoplast marker, SEC-RFP. The aim was to identify new molecular players involved in the post-Golgi 
traffic process in plants.

• We identified tgnap1, a mutant defective in secretion, endocytosis and TGN morphology.

• A detailed investigation, using confocal microscopy and biochemistry approaches, revealed that 
TGNap1 binds to microtubules and is important for the movement of a subset of TGN. 

• We drew an innovative model that TGNap1, along with two interacting proteins Rab6 and YIP4, 
connects a subpopulation of the TGN to microtubules. This process also regulates the morphology, 
the biogenesis, and the activity of the TGN.

Model: TGNap1 associates to subdomains of a 
subpopulation of TGNs in plant cells where it influences 
biogenesis and function of the TGN as well as the 
movement of GI-TGN/secretory vesicles through 
microtubules. The role of TGNap1 in post-Golgi traffic 
involves Rab6 and YIP4, either as a ternary complex or 
through sequential protein–protein interactions, but its 
role in endocytosis is likely independent from YIP4, given 
the lack of a requirement of YIP4 in endocytosis.

L. Renna, G. Stefano, E. Slabaugh, C. Wormsbaecher, A. 
Sulpizio, K. Zienkiewicz, F. Brandizzi. Nature 
Communications, December 2018, 
https://doi.org/10.1038/s41467-018-07662-4

https://doi.org/10.1038/s41467-018-07662-4


Successful DOE Renewal Proposal in 2020
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PRL // Successful DOE Renewal Proposal in 2020: from the 
Reviews

“Importantly, the group brings together enough diversity in background
(biophysics through plant cell biology) for the multi-disciplinary work 
that is proposed. Indeed, this multidisciplinary blend of high-powered 
research teams is the human dimension that makes the PRL a unique 
center of plant science excellence that could not be achieved by separate 
programs. In other words, the synergies in research expertise make 
the PRL a unique research entity that would be difficult to emulate by 
other means.”
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Project Structure

• Continuation in three subprojects

• Cross-pollination of expertise and 
labs
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Goals and Expected Outcomes

• Explore photosynthetic processes at multiple scales of biological 
organization

• Gain a comprehensive understanding of “real life photosynthesis”, i.e. its 
limitation and regulation under stochastic conditions in the natural environment 
and in response to environmental challenges

• Long term goal to explore basic mechanisms of energy storage by 
oxygenic photosynthesis, its use in the fixation of carbon, and directing it 
into energy storage and the building and maintenance of the biological solar 
panels themselves in cyanobacteria, algae, and plants



Gaining Multiscale 
Photosynthetic
Knowledge Will Help:
• Improve photosynthetic efficiency 

and plant productivity

• Develop photosynthetic modules that 
can be recombined in novel ways to 
expand the production of 
photosynthesis-based bioproducts

• Develop more resilient plants to 
address climate change
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PRL // Addressing Global Challenges 
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PRL // Branding and Science Communication 
• Brand strategy development

• Interviewed 50+ members; researched audiences and similar institutions

• Selected outcomes

• Brand guide: ‘identity’; design/editorial standards

• Web redesign, print materials

• Science comms outcomes since 2016

• 188 news stories and 53 DOE highlights

• Media appearances: The Conversation, Newsweek, The New York Times, The 
Economist, Michigan Radio (NPR)

Igor Houwat
Comms Manager 
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PRL // Strengthening the PRL/MSU Community

• Improved and shared PRL Conference and Lunchrooms for more interaction

• Developed the Molecular Plant Sciences Graduate Program 

• Reimagined and sponsored the MPS Seminar Series

• Initiated focus on increased Postdoctoral Mentoring and Career 
Development Efforts 

• Developed with PLB a COVID19 PBL Building Reactivation Plan

• Organized development of a COVID19 MPS Building Reactivation Plan

• Rapidly Communicated with PRL/PLB community on COVID19 Measures 
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PRL // Strengthening the PRL/MSU Community

• Developed a PRL Code of Ethics

• Held regular Townhall Meetings 

• Reimagined the Tuesday Noon Seminar Series

• Appointed Sarathi Wijetilleke to the CNS DEI Committee

• Developed a plan to address Diversity, Equity and Inclusion Sarathi Wijetilleke
PRL CNS-DEI  rep. 



www.prl.msu.edu | 39

Scientific Achievement
The start of endosymbiosis between the marine alga, Nannochloropsis oceanica, 
and the soil fungus, Mortierella elongata, is observed in the test tube. During long 
periods of co-cultivation, algal cells begin to live inside the fungal thread-like 
extensions, called hyphae.

Significance and Impact 
Scientists hypothesize that mutualistic interactions between algae and fungi helped along 
the evolution of land plants. This is the first study to show a fungus internalizing and 
maintaining a living eukaryotic, photosynthetic cell. Algal-fungal symbioses like this one 
are promising biotech platforms, with both organisms producing high oil yields.

Research Details
• The marine alga Nannochloropsis oceanica interacts with the soil fungus Mortierella

elongata, and the algal cells are attached to the hyphae with cell-wall fibrous extensions
• Carbon (14C) and nitrogen (15N) exchange is observed between the algal and fungal 

cells
• Both the alga and fungus benefit from the symbiosis and show better growth and viability 

under adverse conditions such as nutrient starvation
• Long-term (over a month) co-culture of the alga and fungus leads to internalization of 

the algal cells inside hyphae, where both the algal and fungal cells remain active 

Oil-producing alga and fungus in close symbiotic relationship form 
photosynthetic mycelium

Research in the Benning Lab

Z. Du , K. Zienkiewicz, N. Vande Pol, N. E.
Ostrom, C. Benning, G. Bonito. eLife; July, 2019; 
https://doi.org/10.7554/eLife.47815

Intracellular location of long-term (over a month) 
co-cultured N. oceanica (Noc) within the M. 
elongata AG77 hyphae. Differential interference 
contrast microscopy was performed to observe 
the algal cells (green) that remain active inside 
hypha, which is a part of a big aggregate formed 
by the algal and fungal cells. Fungal organelles are 
also present in the green hyphae surrounding the 
intracellular algal cells.

Green Hyphae

https://doi.org/10.7554/eLife.47815


www.prl.msu.edu | 40

Scientific Achievement
Lipid droplets, in plants with enhanced oil content, are used as a platform for terpenoid 
production. Enzymes are targeted to these organelles with the help of a lipid droplet 
surface protein from a microalga.

Significance and Impact 

Lipid droplets are a target for biofuel production, while terpenoids are used in medicines, 
food, etc. Industrial scale production of each is challenging. Bringing both systems 
together could lead to efficient, mass-scale production of both products.

Research Details

• Lipid droplets are produced in the leaves of the tobacco relative Nicotiana benthamiana through 
transient expression of the genes for the transcription factor gene WRI1 and the  lipid droplet 
surface protein LDSP from the microalga Nannochloropsis. 

• Production of novel combinations of cytosol- and plastid-targeted enzymes boosts the production 
of the terpenoid building blocks and target terpenoids.

• The terpenoids get trapped in the lipid droplets due to their properties and can be isolated 
together with the lipid droplets, which may help in future industrial processing of such 
engineered biomass crops.

• Targeting of different combinations of terpene synthase, cytochrome P450, and cytochrome 
P450 reductase as LDSP fusion proteins  to the lipid droplets leads to efficient production of 
functionalized terpenoids. 

Lipid droplets as organelles to produce biomaterials in plant leaves

Lipid droplets (red) cluster together. Terpenoid synthesis 
enzymes (yellow) are anchored onto the surface of lipid 
droplets with the help of a lipid droplet surface protein. 
Chloroplasts are in light blue. By Sadre Radin, Nature 
Communications CC BY 4.0 

R. Sadre, P. Kuo, J. Chen, Y. Yang, A. Banerjee, C. Benning, B. 
Hamberger. Nature Communications, February 2019, 
https://doi.org/10.1038/s41467-019-08515-4

Research in the Benning Lab

https://doi.org/10.1038/s41467-019-08515-4
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Scientific Achievement

The protein, CHT7, helps algae enter and exit states of rest induced by nutrient starvation.

Significance and Impact 

When stressed (e.g., starvation), algae slow down their metabolism, stop growth and cell 
division, and store the energy reserves in the form of starch and triacylglycerols (TAG), the 
latter of which is raw material for biofuels. Understanding how these processes are related 
is important for the production of renewable energy.

Research Details
• Chlamydomonas mutant lacking the CHT7 (Compromised Hydrolysis of Triacylglycerols 

7) gene was isolated by the Benning lab in a screen for mutants delayed in the 
degradation of TAG upon nitrogen (N) refeeding to N starved cultures.

• CHT7 (Compromised Hydrolysis of Triacylglycerols 7) protein was found to be necessary 
for the cells to survive and repress cell division genes during N starvation.

• The cht7 mutant showed abnormal cell morphology during N starvation and was delayed 
in resuming growth once N was resupplied.

• CHT7 contains a CXC domain, which has been shown to bind DNA and modulate gene 
expression in mammals; however, the CXC domain was dispensable for the function of 
CHT7.

• Detailed functional structural characterization of CHT7 protein identified a small, 
essential region near the C-terminus, which is likely involved in protein-protein 
interactions affecting the abundance of the CHT7 protein complex.

• Understanding the role of CHT7 complex in coordinating orderly entry into and exit from 
quiescence could have practical implications in the production of biofuels.

A protein helps algae manage to stop cell division during starvation
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Scientific Achievement

The protein, PRXQ, is necessary for the production of a specific chloroplast membrane 
lipid present in nearly all plants.

Significance and Impact 

The  chloroplast protein, PRXQ, is sensitive to the chloroplast’s redox state in response to 
changes in photosynthesis. The new work shows a new PRXQ functionality – an impact on 
membrane lipid production – implying PRXQ bridges two biochemical pathways towards 
maintaining chloroplast health.

Research Details
• Mutants of Arabidopsis lacking PRXQ are reduced in the thylakoid specific membrane 

lipid phosphatidylglycerol containing the unusual trans fatty acid 16:1Δ3trans, in brief 
16:1t.

• It is shown by reconstitution of the system in yeast that the fatty acid desaturase FAD4 
and PRXQ are necessary to produce novel Δ3 fatty acids.

• Alteration of the redox state of FAD4 or PRXQ through site-directed mutagenesis of 
conserved cysteine residues impaired Δ3 fatty acid production. 

• These results collectively demonstrate that the production of 16:1t is linked to the redox 
status of the chloroplast through PRXQ associated with the thylakoids.

Plant protein connects chloroplast's redox chemistry and membrane 
lipid biosynthesis

Horn PJ, Smith MD, Clark TR, Froehlich JE, C 
Benning (2019). The Plant Journal. doi: 
10.1111/tpj.14657

Molecular docking of FAD4 (green) and PRXQ 
(grey). Redox active cysteines are indicated.  

Research in the Benning Lab



www.prl.msu.edu | 43

Scientific Achievement

The chloroplast membrane proteins, PLIP2 and 3, are activated by abiotic stresses (cold, 
drought), then break down chloroplast membranes lipids, which in turn switch on biotic 
stress responses (herbivore attacks).

Significance and Impact 

Increases our understanding of how plant defense systems interact to defend against 
complex environmental conditions; links abiotic and biotic stress responses through the 
chloroplast lipid metabolism; opens the door to engineering more resistant crops.

Research Details
• Chloroplast membranes with unique lipid compositions are crucial for photosynthesis. 

Membrane maintenance requires finely tuned lipid anabolic and catabolic reactions.
• PLASTID LIPASE2 (PLIP2) and PLIP3 are newly discovered genes that encode 

chloroplast located proteins. In vitro analysis indicated that both are glycerolipid A1 
lipases.

• Overexpression of PLIP2 or PLIP3 severely reduced plant growth and led to 
accumulation of the bioactive form of jasmonate. The expression of PLIP2 and PLIP3 
was induced by abscisic acid (ABA), and plip1 plip2 plip3 triple mutants exhibited 
compromised oxylipin biosynthesis in response to ABA. 

• We propose that PLIP2 and PLIP3 provide a mechanistic link between ABA-mediated 
abiotic stress responses and oxylipin signaling.

Chloroplast lipid breakdown products help plants protect against 
complex stresses

Kun Wang, Qiang Guo, John E Froehlich, Hope 
L Hersh, Agnieszka Zienkiewicz, Gregg A 
Howe, Christoph Benning. 2018 The Plant Cell 
, 30:1006-1022, doi: 10.1105/tpc.18.00250

Model proposed for PLIP2 and PLIP3 in ABA-
induced oxylipin production.
(© American Society of Plant Biologists)
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Developing a CURE Module for BioSci171

Connecting Research and Teaching Using an
Arabidopsis Suppressor Mutant Screen in an
Introductory Course-based Undergraduate
Research Experience.

Jinjie Liu, Ron Cook, Linda Danhof, David
Lopatto, Jon R. Stoltzfus, Christoph Benning;
Biochemistry and Molecular Biology
Education. Under Review
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